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Abstract

Significant progress has been achieved during the last decade in our knowledge and understanding of the optical
potential between two light heavy-ions. This has mostly been a consequence of the measurement of accurate and extensive
elastic differential cross sections. Some of these data, covering over eight orders of magnitude in cross section, extend
to sufficiently large scattering angles that they show remarkable refractive effects which remind one of features of the
scattering of alpha particles by nuclei that have been known since the work of Goldberg some twenty years ago. Refractive
effects, particularly nuclear rainbows, are evident in '>C 4 '2C and 0 + %0 angular distributions at bombarding energies
between 6 and 100 MeV per nucleon. Their angular location and cross section have led to the determination of the
gross features of the local optical potentials and in many cases have removed ambiguities in the depths of the real
parts of the potentials. The resulting phenomenological potentials are strongly attractive (“deep”), with relatively weak
absorption, and depend upon the bombarding energy. The optical model potential for such heavy-ions is no longer simply
a way to parameterize scattering data (or perhaps just one of many ways). Ambiguities have been resolved, and a good
understanding of the theoretical basis of its features has been attained. The folding model is central to this understanding,
coupled with increased insight into the nature of realistic effective nucleon—nucleon interactions. This Report reviews the
experimental evidence, its interpretation, and what we have learnt from it. Much of the interpretation becomes especially
transparent when couched in the language of semiclassical scattering theory. We summarize this language, as well as the
basic features of the theory of the optical model.

PACS: 25.70.Bc; 24.10.Ht; 21.65.tf; 25.60.Bx

Keywords: Elastic scattering; Heavy ions; Interaction potentials; Absorption; Nuclear equation of state; Rainbows
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1. Introduction

Elastic scattering is the simplest nuclear reaction between a projectile and a target that can be
induced by a hadronic interaction. Yet, despite this simplicity, elastic scattering has been an important
source of information on nuclear properties. This information has been gleaned primarily through
studies of the potential of interaction (“optical potential”) that is found to reproduce measurements
of the elastic scattering cross sections.

Usually, the first step in the description of the collision of two nuclei is the introduction of a
simple one-body potential (mean field or optical potential) that describes some average features of
the collision, namely, the elastic scattering and the gross absorption of the incident flux into other,
nonelastic channels (the reaction cross section). This provides a basis upon which a more detailed
description of the collision may be built. The distorted waves Born approximation (DWBA) ap-
proach to nonelastic transitions, which treats them as perturbations on the elastic scattering, is a
well-known example, as is the coupled-channels (CC) approach to more strongly coupled reactions
where feedback on the elastic channel needs to be considered explicitly [182]. Another example
is that almost all models of the fusion of two nuclei into a compound system introduce an in-
teraction potential which, together with the repulsive Coulomb field, provides a potential barrier
which must be at least partially penetrated [187]. In these various ways elastic scattering is treated
as a doorway through which the system must go before other processes are manifest. Nucleus—
nucleus potentials play important roles in other phenomena also, such as quasi-molecular resonances
[86,92,115].

As it is common with other complicated many-body problems, it is seldom possible to construct
such potentials from first principles, so we proceed by introducing models which become more
sophisticated and more microscopic as our understanding advances. Naturally, we try to incorporate
into such model potentials as much of the known physics as is possible. This includes choosing
them to reflect the overall sizes of the colliding nuclei, and making them complex so that they
accommodate the loss of flux (absorption) into other, nonelastic channels. A very convenient way
of incorporating (and identifying) gross nuclear properties is through the use of the folding models
discussed below. In this approach the potential is generated by folding an effective nucleon—nucleon
interaction over the ground-state density distributions of the two nuclei [181, 182]. In addition, there
are complex contributions to the potential, sometimes referred to as constituting the dynamical
polarization potential (DPP), which arise from the couplings to the nonelastic channels, both open
and closed. In particular, the open channels furnish the absorptive, imaginary part of the potential,
while both can contribute to the real part. Virtual excitations to the closed channels are an important
source of the threshold anomaly [187].

The theoretical understanding of the general properties and microscopic basis of the optical
potential for nucleon—nucleus scattering has advanced considerably in recent years {136, 138,45]. No
truly microscopic theory of the mean field for nucleus—nucleus collisions is available. Rather, one usu-
ally appeals to the coupled reaction channels theory of Feshbach [68]. Despite difficulties with anti-
symmetrization under exchange of nucleons between the two nuclei, this approach often facilitates
transparent physical interpretations.

The theoretical understanding of phenomena encountered in measurements of elastic scattering
has also developed considerably over the last two decades. This understanding is often phrased in
semiclassical language so that we encounter terms like refractive and diffractive, or rainbows and
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nearside, farside scattering [88). Such an approach plays an important role in the work we report
here, and has enabled us to clarify questions about the optical potentials such as “Are they deep or
shallow?”, or “Are they strongly or weakly absorbent?”

In this paper we review the progress made in understanding the elastic scattering of heavy-ions,
especially of light heavy-ion systems such as '2C + '2C, '*C + '®0 and '®O + !0, and what this has
revealed about general nuclear properties. Much of this understanding has been obtained by building
upon the concepts introduced [76] to elucidate the scattering of the alpha particle (which, despite
the official definition, might be regarded as the lightest of the heavy-ions!). While a review of this
nature involves a large number of references, we have not tried to make the list exhaustive but
rather aimed to present papers and reviews which themselves behave as guides to further reading if
it is desired.

2. Why light heavy-ions?
2.1. Strong absorption

In a general sense, collisions between two complex nuclei are associated with strong absorption;
i.e., intimate contact almost inevitably leads to nonelastic events and loss from the elastic channel.
Consequently, the scattering is dominated by conditions at the surface and this information is carried
by systems traveling on peripheral trajectories. Here, “surface” means the region where the nuclear
forces begin to act strongly. The location of this region can be represented by a strong absorption
radius, Rsa, defined in various but similar ways. One such is to identify it with the apsidal distance on
a Rutherford orbit with the same angular momentum as that for which the optical model transmission
coefficient is one-half.

The values of Rsa that are found in practice can be parameterized as

Rsa =ro(4” +4°) + A, (2.1)

where Rg, is the distance between the centres of two nuclei with mass numbers 4, and 4,. Since
ro ~ 1.1 fm, the first term represents the sum of the radii of the density distributions of the two
nuclei and the second term A is the separation of their surfaces. Values of A between 2 and 3 fm
are typical separations at bombarding energies with E/4 =~ 10-20MeV; see Fig. 2.1 for an example.
The radius Rsa, and hence the separation A, decreases slowly as the energy increases [176,177]; A
has reduced to between 1 and 2 fm by E£/4 = 100 MeV.

Thus strong absorption has become established before there is any substantial overlap of the two
nuclear matter distributions (Fig. 2.1). This apparently paradoxical statement is possible because
the nucleon—nucleon forces have a finite range which bridges the gap between the two ions. The
interaction potential between the two nuclei at r = Rsa, obtained for example by folding the nucleon—
nucleon interaction over the two matter distributions, receives contributions from the whole surface
region of both nuclei [181]. Nonetheless, the presence of the strong absorption makes it difficult or
impossible to gain any knowledge of the potential at closer distances where the nuclei do begin to
overlap appreciably. It is well known that under these circumstances about all we can hope to learn
from elastic measurements is the (complex) value of the potential in the vicinity of Rss and perhaps
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Fig. 2.1. The density distributions of the nuclei '°O and 2®Pb when their centres are separated by the strong absorption
radius appropriate for scattering at energies between about 100 and 200 MeV (from [181]).

some information about its slope [182]. This is the situation pertaining to much of heavy-ion elastic
scattering, especially that involving medium to heavy nuclei.

The magnitudes of the partial-wave S-matrix elements, |S;|, provide a measure of the degree
of absorption. Of course, |S;|=1 for large /, but it decreases rapidly for / around the value [, for
grazing trajectories. When we approach, say, |S;| < 107* for small / < J,, we are justified in speaking
of “strong absorption”. Then the transmission coefficient 7; =1 —|S;|? is unity, representing complete
absorption, to within one part in 108,

2.2. “Incomplete” absorption

Fortunately, one does not require much penetration into the inner regions (small /</,) of the
potential in order to see some signal of the conditions there, provided one is prepared to measure
very small cross sections. A scattered amplitude from this region of a few per cent or less is
sufficient to carry this signal to large scattering angles, although in other respects this would still
represent strong absorption. For example, a partial-wave S-matrix element with magnitude |S;| = 0.03
corresponds to a transmission coefficient 7; = 0.999, or a departure from total absorption of this partial
wave of only one-tenth of one percent. Yet this can be enough to produce recognizable rainbow
phenomena.

The possibility of seeing such refractive effects was first realized in the scattering of alpha particles
[76]; a more recent example is illustrated in Fig. 2.2. A few years later hints were emerging that
similar, but weaker, effects were being seen in the scattering of the light heavy-ions °Li [58,192]
and '?C [17,23,41]. By now, many examples of refractive phenomena in light heavy-ion systems
have been collected, culminating in the most spectacular example of an Airy pattern exhibited in
160 + %0 scattering at £ =350 MeV [198] shown in Fig. 2.3.

As our experience with heavy-ion scattering has broadened, it has become clear that the conditions,
especially the degree of absorption present, that will allow these refractive effects to be seen are
met by some light systems but are not satisfied by heavy systems. That is the short answer to the
question posed in the title to this section.

Before exploring these questions further and examining actual experimental results, we summarize
briefly the semiclassical concepts that provide considerable insights into the phenomena seen in
potential scattering and act as unifying principles. Next we turn to the theoretical basis of the
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Fig. 2.2. Refractive effects in the scattering of o-particles by %7 nuclei at several energies (from [167]).

Fig. 2.3. Striking Airy pattern exhibited in the angular distribution of the elastic scattering of 'O by 'O at a bombarding
energy of 350 MeV [198,199]. The solid line represents an optical potential fit [33] which indicates that the minimum
near 40° is the first Airy minimum forward of the primary rainbow. The dashed line is the result of an attempted fit with
a deeper potential which would interpret that dip as the second Airy minimum. It would also predict the first to be near
60°, where none is observed.

optical model potential so as to better understand the origin of the properties we infer from the
measurements.

3. Semiclassical interpretation of potential scattering: A brief summary
3.1. Classical trajectories

The wavelengths associated with heavy-ion scattering are usually short enough, and consequently
the number of partial waves involved is sufficiently large, that use of the language of semiclassical

trajectories becomes meaningful and very useful for understanding the characteristics of the scattering.
The presence of absorption plays a very important role in determining the outcome of the collision
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Fig. 3.1. Left: classical trajectories that lead to Coulomb (C) and nuclear (N) rainbows. Right: the corresponding deflection
function (from [184]).

but in practice does not destroy the underlying trajectory picture. Qualitatively, absorption can be
thought of as simply damping the flux as the system traverses the classical path. This approach is
discussed elsewhere in more detail [88, 143], while a more sophisticated treatment fully accounts for
the complex nature of the potential from the outset [108, 107].

Fig. 3.1 illustrates some typical trajectories for scattering from an attractive, real hadronic potential
plus a repulsive Coulomb potential. The scattering angle as a function of impact parameter b, or
angular momentum (! + 1)k = kb, is called the deflection function ©(1) and is shown on the right
of Fig. 3.1. Trajectories with positive @, in this case the peripheral ones that are dominated by the
Coulomb repulsion, constitute nearside scattering, while those drawn to negative @ by the attractive
nuclear potential represent farside scattering.

3.2. Nearside and farside scattering

The significance of the terms nearside and farside is perhaps more obvious if one looks at the
trajectories that can contribute to a given scattering angle, as indicated in Fig. 3.2. (The inset to
the right is to remind us that these trajectories are classical constructs and are attended by wave
diffraction in a quantal treatment.) The quantal scattering amplitude f(0) can always be decomposed
into two parts by using the partial-wave expansion [182]

£(0) = Qik)™'Y (21 + 1)a;P(cos 8) , (3.1)
I

where the partial wave amplitude is
a; = eS8 —1). 3.2)

Here S; is the elastic partial wave S-matrix element and ¢; the Coulomb phase. We may then
express the standing wave Legendre function P(cosf) as a sum of travelling waves running in
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Fig. 3.2. Schematic representation of three semiclassical trajectories that result in the same scattering angle. The right-hand
section suggests how the resulting angular distribution is analogous to a three-slit interference pattern.

opposite directions around the scattering centre [74],

Pi(cos 8) = 01 (cos 8) + O (cos B), (3.3)
where
01(cos0) = 5 [Picos ) F i 0icos ) (34)

and Q, is the Legendre function of the second kind. For large I, the Q(,i) behave like the travelling
waves exp[+i(/ + %)0]. Then it is easy to see that the (+) components of (3.3) represent scattered
waves emanating from opposite sides of the scattering centre. Thus we have from (3.1)

£(0) = in(0) + fx(0), (3.5)
where
fu(0) = Qik) 'Y 21 + a0 (cos 8) . (3.6)
F )

The interpretation of a nearside—farside decomposition is especially transparent when there is strong
absorption accompanied by an attractive real potential. Systems following the trajectories with small
impact parameters are absorbed, but those on peripheral paths are affected by the attraction. These
peripheral paths are associated with a window of angular momenta close to the grazing value /=/,.
Each /-window, nearside and farside, produces a scattering amplitude with a single-slit diffraction
pattern (see Fig. 3.3) and a magnitude that decreases exponentially as the scattering angle moves
away from the classically allowed path. In many cases of physical interest, and for angles not too
close to the grazing angle 0, these amplitudes may be written for 6> 0, as [143, 88]
—ag(ﬂqieg)

(sin 6)' f(0) ~ eFikbe 3.7
F

The two patterns, fn(8) and f(0), are similar but separated in angle by 26,, because of the Coulomb

repulsion (Fig. 3.3). In the absence of a nuclear field, we have ay =oF. A short-ranged nuclear

attraction at the surface enbances the waves diffracted from the farside and (for 6 > §,) reduces those

from the nearside, so oy >ar. Consequently, while f:(6) < fn(0) at small 0, there is a crossover

angle 6 at which fr= fy and beyond which the farside scattering dominates. This is illustrated
in Fig. 3.4 which shows the individual cross sections sin 8| fy(6)|?, as well as their coherent sum.
F
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Fig. 3.3. Illustrating classical trajectories and waves diffracted from the near and far sides of a strongly absorbing region.
The solid curves represent grazing trajectories which suffer diffraction at the edges of the “black” sphere. The long-dashed
curve is a Rutherford .trajectory for a larger impact parameter which suffers little diffraction. The short-dashed curve is a
Rutherford trajectory for a small impact parameter, which in practice is strongly absorbed (from [143]).

Fig. 3.4. Example of the nearside/farside decomposition of the angular distribution (expressed as In(dg/d8)) for scattering
by a strongly absorbing sphere plus refraction at the surface (from [184]).

(The presence of the (sin #)!/? factor in (3.7) often makes it more convenient to examine the cross
section do/df = 2nsin 0 do/dQ, rather than the more usual do/d€2.) The farside—nearside interference
pattern seen in Fig. 3.4 corresponds to Fraunhofer two-slit diffraction and is most pronounced near
the crossover angle 8. It results from the phase factors in (3.7) so that the maxima are spaced
by Af~m/l,. Beyond this interference pattern we are left with the farside exponential tail that is
characteristic of farside dominance. When observed, the position of this, and any associated Airy
structure (see below), allows one to place constraints on the strength of the real potential in the
surface at distances somewhat inside the strong absorption radius.

3.3. More general decompositions

The decomposition (3.3) and (3.4) has been used to generate the nearside—farside decompositions
shown in this paper. Although this is mathematically exact, the physical interpretation in terms of
travelling waves is unambiguous only for large /, that is for peripheral collisions. A more general
semiclassical technique for scattering from complex potentials has been introduced {73], based upon
the work of [108,107] (see also [25]). We quote from [73]: “Long usage has conferred an aura
of ‘physical reality’ on the rays of geometrical optics, and it is this accumulated experience with
the way rays describe wave propagation that provides the ‘physical interpretation’ of the analogous
decomposition of f(0) into its ‘semiclassical trajectory’ components

f(0) = fi(0) + fo(O) +--- 7 (3.8)
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This applies particularly to decomposing the farside amplitude itself into semiclassical subamplitudes,
such as those associated with the two farside trajectories shown in Fig. 3.2. These two, in particular,
play an essential role in our analysis of rainbow phenomena. The farside trajectory with the larger
impact parameter is the one discussed earlier and represented by the amplitude f¢(8) in Eq. (3.5).
When the absorption at smaller radii is not complete, systems following another trajectory with a
smaller impact parameter may survive, emerging at the same scattering angle and interfering with
the first one. This is the origin of rainbow phenomena and is most simply discussed at our present
level in terms of the deflection function.

3.4. Deflection functions

The deflection function for scattering by a real potential is related to the real scattering phase
shifts J, in the WKB approximation by

(1) =2dg/dl, 3.9)
where the elastic scattering S-matrix element is
S, =&, (3.10)

In practice, the potentials that we shall encounter are complex and the corresponding phase shifts
become complex. One may then consider the deflection function for scattering by the real part of
the potential alone. Alternatively, we may use in Eq. (3.9) just the real part of the phase shift by
writing

S, = |8;|e*, (3.11)

where |S;| <1. There is no strict justification for either procedure but fortunately examination of
realistic cases of light heavy-ion scattering shows that the two approaches frequently give very
similar results. This supports our assumption that the spatial motion of these systems is primarily
determined by the real potential while the imaginary potential primarily reduces the flux as it travels
along these paths, and hence reduces the magnitude of the outgoing scattering amplitude. (This view
also underlies the semiclassical treatments of [32].)

The structure of the typical deflection function shown in Figs. 3.1 and 3.5 can be easily understood.
The positive segment for large / (large impact parameters) is due to the repulsive Coulomb field.
We may write © as a sum of nuclear and Coulomb components

o) = Ny + 6%y, (3.12)
where
(1) = 2arctan (n/l + 1), (3.13)

and 7 is the Sommerfeld parameter for a relative velocity v
n=Z21Ze* v . (3.14)

The positive angle (nearside) segment is relatively small because the repulsive Coulomb interaction
is weak for the light systems of interest here. As the impact parameter decreases, the attractive
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Fig. 3.5. Deflection function and farside differential cross section for (unsymmetrized) 'C 4 'C scattering at 289 MeV, cal-
culated using a potential that reproduces the observed scattering for this system. The nuclear rainbow occurs at @r = —66°
with Lr ~26. The Airy maxima and minima on the bright side result from interference between the L. and L. contri-
butions (from [143]).

nuclear potential, which empirically is found to be quite deep (for example, ~ 200 MeV for the
case shown in Fig. 3.5, so that the attractive force is ~ a few tens of MeV/fm), overwhelms the
Coulomb repulsion (~few MeV/fm) and induces farside scattering to negative angles. However,
the magnitude of the negative angle cannot increase without limit, provided the energy is above
the range that allows orbiting. An extremum is reached and then @ decreases to zero for head-on
collisions.

3.5. Rainbows

Classically, the differential cross section at the scattering angle 8 =|0)| is given by

(I + 1/2)h?

k*sin6|d@/dI| (3.13)

do

5=
where the sum allows for the possibility that more than one / value results in the same scattering
angle 6. This expression diverges whenever d@/d/ =0. This is called a rainbow, since the corre-
sponding phenomenon in the scattering of light from water droplets is responsible for atmospheric
rainbows. The deflection functions of Figs. 3.1 and 3.5 show two such extrema. The outer, for large
[, results in a Coulomb rainbow, seen at small scattering angles. (The name is a little misleading
because the outer maximum in @ results from a balance of Coulomb and nuclear forces.) The inner
minimum in @ gives rise to a nuclear rainbow at 6= |@g|.

3.6. Supernumerary rainbows and the Airy pattern

Of course, there is no longer a divergence at a rainbow angle in a quantal description, and
the sum over cross sections in (3.15) becomes a coherent sum over amplitudes. The latter fact is
vital for understanding the behaviour of the cross section at angles § < |@y| where there are far-
side contributions from two angular momenta / at each angle 6, as indicated by the trajectories in
Fig. 3.2. These are denoted /.(8) and /. (6) in Figs. 3.2 and 3.5, and their interference results in a
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series of maxima and minima in the farside cross section shown in Fig. 3.5. This has become known
as an Airy pattern after the 19th century Astronomer Royal of England, Sir George Airy, who pro-
vided the first mathematical model of the atmospheric rainbow. By using a parabolic approximation
for the minimum in the deflection function, he was able to express the scattering amplitude as the
well-known Airy function Ai(x) shown in Fig. 3.6. In our context, the argument x is proportional to

—|®g|: see [158] for example. Then x=0 represents the primary rainbow and x >0 corresponds
to the classically forbidden darkside of the rainbow where the amplitude decreases exponentially
with angle. The extrema for x < 0 represent supernumerary rainbows, and it is their observation that
gives the most unambiguous signal of rainbow phenomena; at least the first Airy minimum can be
discerned clearly in the examples shown in Figs. 2.2 and 2.3. These Airy oscillations have widths &6
= n/(ls —1.), much broader than the widths of the nearside/farside oscillations at the more forward
angles.

The imaginary part of the optical potential plays a very important role at this juncture in de-
termining the relative magnitudes of the /. and /. contributions to the scattering amplitude, and
thus how distinctive their interference pattern can be. The /. trajectories experience deeper pene-
tration of the potential, and hence more absorption, than the /. ones; consequently, they interfere
less effectively than if the potential were real. If the absorption along the . trajectory is increased
so that the interference with the /. amplitude becomes negligible, we are left with a featureless
farside amplitude that falls off exponentially with increasing angle. Fig. 3.5 shows the cross section
for farside scattering from the real part alone of an otherwise realistic '>C +'2C potential. We see
a primary rainbow and two well-developed higher-order Airy maxima or supernumerary rainbows.
On the other hand, Figs. 3.7 and 3.8 show examples of the scattering induced by complex poten-
tials that are not unrealistic. Fig. 3.7 illustrates the nearside, farside decomposition for a potential
(CC1) needed to fit measurements of '2C +'2C scattering at 159 MeV [29]. Despite the absorption
present, a distinctive Airy minimum near 70°, the first preceding the primary rainbow near 120°, is
clearly visible, and even a hint of the second one can be seen in the farside amplitude. By way of
contrast, Fig. 3.8 shows the same case except that the absorptive potential at small radii has been
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Fig. 3.7. Decomposition into nearside and farside contributions of the scattering by a complex potential (CC1) found to
fit measurements of '2C + '>C scattering at 159 MeV. The solid curve denotes the coherent sum of the two amplitudes.
An Airy minimum in the farside scattering is seen near 70°, preceding the primary rainbow near 120°. (From [BR88c].
For clarity, the two ions have been treated as nonidentical.)

Fig. 3.8. As for Fig. 3.7, except that the absorptive potential has been artificially increased at small radii®. The Airy
pattern in the farside contribution seen in Fig. 3.7 no longer appears because the additional absorption has dampened the
! part of the farside amplitude.

increased artificially.! Now the additional absorption has dampened the I. contribution so much
that no perceptible Airy pattern remains in the farside amplitude, and the cross section exhibits a
smooth exponential-like falloff at angles beyond the farside-nearside interference region. Although
inappropriate for this particular case of '>C +'2C at 159 MeV, such patterns have been observed for
other systems or energies. ('>C +'%0O at 608 MeV is one such case, discussed in [29].) At one time
this was regarded [58] as “characteristic of a nuclear rainbow”, but in the light of our present un-
derstanding, we believe the term “rainbow” should be reserved for those cases where some remnant
of the Airy pattern can be identified. A structureless exponential-like falloff might be better referred
to simply as farside dominance or a farside tail.

It is instructive to compare in Fig. 3.9 the magnitudes |S;| of the S-matrix elements for the two
cases shown in Figs. 3.7 and 3.8. (The plot of |S;| vs. / may be called the absorption profile for
scattering by that potential.) The |S;| for />23 are almost identical for the two potentials, and as a
consequence, the differential cross sections are almost exactly the same out to 6 ~ 40°. However,
those for small / have been reduced by more than two orders of magnitude by the additional
absorption. The angular momentum /. associated with the inner farside trajectory falls in this region,
thus contributions from this trajectory have been essentially eliminated and no Airy interference is
seen in Fig. 3.8. It is also worth noting that the original potential, which does reveal in Fig. 3.7 a
pronounced first Airy minimum, does so with |S;| for small / that are only a few times 107>,

A more detailed analysis [29,73] of the scattering shown in Fig. 3.7, as well as similar cases,
will be discussed later.

! By adding to potential CC1 of [29] an imaginary term with a shape that is the derivative of the Woods—Saxon shape,
strength Wp = 80 MeV, radius Rp = 1.7 fm and diffuseness ap = 0.5 fm.



M.E. Brandan, G.R. Satchler | Physics Reports 285 (1997) 143-243 157

10° T
10! -1
102 .
";_;q -
103 .
B / i
104 // ——cct -
i | ——cci+wsp ]
~ // .
18 N\ .

No /

- N I L ] A ]

0 10 20 30 40

Fig. 3.9. The magnitudes of the S-matrix elements for the cases shown in Figs. 3.7 and 3.8, showing the very different
degrees of absorption occurring for the partial waves with small impact parameters, although the grazing waves with
{ > 23 are almost identical.

4. Meaning and theoretical basis of the optical model potential
4.1. Optical model potential as an effective interaction

An optical model potential is an effective interaction Ux(r) between two particles whose centres
of mass are separated by the distance r, which can be used in a one-body Schrodinger equation

ﬁ2
[—EVZ + UE(r)] x(r) = Ex(r) (4.1)

such that the asymptotic behaviour of its solutions y(r) (with appropriate boundary conditions)
describe their elastic scattering, at least in an energy-averaged way. (We ignore any dependence
on the spins of the particles for simplicity.) In Eq. (4.1), £ is the energy of relative motion in
the centre-of-mass system, while pu = M,M,/(M, + M,) is the reduced mass of the system when
the projectile and target are well separated. The two nuclei remain in their ground states in this
scenario. No attempt is made to describe explicitly any excitation or distortion of the nuclei during
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the collision. Any effects due to such polarization are assumed to be taken into account by the
characteristics of the potential Uz; in particular Up = V4 1#; has an imaginary part which describes
the loss of flux (absorption) into nonelastic channels.

The availability of accurate data covering a wide range of angles for a-particle elastic scattering
has made it possible to determine phenomenological optical potentials without discrete ambiguity
for many target nuclei. We are approaching a similar situation for the scattering of light heavy-ion
systems. The significance of this and the interpretation of the potentials is the main subject of the
present review.

4.2. Energy dependence and nonlocality

The potential Uy is written in Eq. (4.1) as though it is local, although it may vary with the
energy E. Model potentials are almost invariably assumed to be local, although, in principle, theo-
retically derived potentials are nonlocal,

Usx(r) = / Us(r, ¥ )x() dr' (42)

Consequently, it is customary to derive equivalent (but generally approximate) local forms in order
to compare with more phenomenological local potentials obtained by analysis of measured elastic
scattering. The energy dependence implied in Eq. (4.2) is intrinsic (which may be interpreted as a
nonlocality in zime [138-140]). A transformation of the spatial nonlocality (momentum dependence)
to give an equivalent local potential results in an additional energy dependence. The two types of
energy dependence cannot be distinguished in phenomenological potentials.

4.3. Microscopic theories of the optical potential

4.3.1. Introduction

Many ways of calculating a nucleus—nucleus optical potential have been proposed. Frequently a
total energy curve is calculated as a function of the distance separating the centres of mass of the
two nuclei. (Care has to be taken over the definition of this distance when the two nuclei overlap!)
After subtraction of the energy of the two noninteracting nuclei, this energy curve is then interpreted
as an optical potential and used in Eq. (4.1) to calculate the elastic scattering. This is incorrect.
Such approaches attempt to follow explicitly, to a greater or lesser degree, the readjustments that
the two nuclei make as they begin to interact and overlap: distortion of the nuclear shapes, reaction
to the Pauli principle, effects due to the saturating nature of nuclear forces, etc. Such an interaction
energy function does not determine just the relative motion while the nuclei remain in their ground
states but is related to the motion of a wavepacket which can include a wide range of excited states
of the individual nuclei. Such a wavepacket may be appropriate for describing the evolution of a
process like fusion, but the ground-state component must be projected out asymptotically before it
can describe elastic scattering. Even when the calculation is performed in an adiabatic approximation
so that the system does return finally to the elastic channel, corrections to the kinetic energy term
in Eq. (4.1) are required (see [150] for an early discussion).

A detailed criticism of the identification of the optical potential with such an energy curve has
been presented by Horiuchi [84,86] (see also [69]), with particular emphasis on the inadequacy of
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the adiabatic assumption. One practical point that has been stressed is that a “potential” of this kind
has properties that conflict with those now known to hold for the real parts of phenomenological
optical potentials that reproduce measured elastic scattering: namely that the interaction energy curves
are shallow at low bombarding energy and become deeper as the bombarding energy increases and
the repulsive effects of the Pauli principle decrease. Empirically, as documented in this review, the
real parts of the optical potentials are found to be deep (several hundreds of MeV) and to become
less deep as the incident energy increases. '

The folding model, to be discussed in more detail in chapter 5, does result in real potentials that
satisfy the empirical constraints. It can be regarded as a first approximation to the real part of the
effective interaction which is derived within Feshbach’s reaction formalism [68] (see Section 4.4)
and which controls the relative motion of that part of the total wavefunction in which the two
nuclei remain in their ground states. Thus it is appropriate for use in the optical model (Eq. (4.1)).
Feshbach’s theory also provides guidance as to the corrections to the folded potential that may be
expected, and a framework within which they may be estimated.

4.3.2. Antisymmetrization, exchange and the resonating group method

Even if we use internal wavefunctions for the two nuclei, each of which is antisymmetric, the
Pauli principle requires the total wavefunction also to be antisymmetric under the interchange of
nucleons between the two nuclei. Some insight into the effects of this requirement is provided by
the results of studies using the resonating group method (RGM) [39, 124, 125, 84, 86].

In its usual one-channel form, the RGM freezes the two nuclei in their ground states but takes
full account of the exchange of nucleons between them. It uses the trial wavefunction

A {1(r)dpo(Ep) (€}, (4.3)

where ¢, and ¢, are the individually antisymmetrized internal ground-state wavefunctions for the
projectile and target respectively, y(r) is the wavefunction of relative motion and the antisymmetrizer
o/ exchanges nucleons between them. A one-body wave equation for the relative motion function
x(r) is then constructed which includes a highly nonlocal RGM “potential”. Besides a local direct
term which is just a folded potential, the antisymmetrizer results in a hierarchy of nonlocal exchange
terms, according to the number of nucleons exchanged. An accurate localization procedure has been
devised which yields local potentials equivalent to these exchange terms [84, 86].

After localization, the RGM approach results in deep (real) potentials, comparable to the empirical
ones, which become less deep as the bombarding energy increases and as the attractive exchange
terms become weaker. These studies also indicate that the one-nucleon exchange contribution is the
largest of the exchange terms, and dominates for peripheral collisions because it has the longest range.
They also caution us that significant corrections may arise from the other terms at smaller distances,
especially for near-symmetric systems (4,~4;). At the same time, it should be kept in mind that
the RGM equation for y(r) cannot immediately be identified with the optical model Schrédinger
equation (4.1) (see [39] for a helpful discussion, also [69]), although the main conclusions reached
about the RGM potential can be expected to be characteristic also of the optical model potential.

4.3.3. The absorptive, imaginary potential
The number of realistic attempts to calculate the imaginary (absorptive) part of the optical potential
is quite limited. (But see [205], whose approach is based upon Feshbach’s theory. Also, [32] consider
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the imaginary potential for peripheral collisions using a semiclassical approach.) In practice, the
imaginary potential is usually treated in a phenomenological way, either by multiplying the real
folded potential by a complex strength or by assuming a form such as the Woods—Saxon one,
and adjusting parameters to fit elastic data. The origin of the imaginary potential, and the associated
contributions to the real part, is seen most transparently within the framework of Feshbach’s reaction
theory, to which we now turn.

4.4. Reaction theory of Feshbach

4.4.1. Introduction

There is no truly microscopic theory of the optical potential for the scattering of two composite
nuclei in the sense that there is for nucleon—nucleus scattering [136, 137). However, it is useful
to appeal to the theoretical framework provided by the reaction theory of Feshbach [68]. Despite
some difficulties with the exchanges of nucleons between the two nuclei which arise because of
antisymmetrization, this approach often facilitates physical interpretations in a transparent way. Fur-
thermore, the mean field defined in this way for a given heavy-ion system also sustains bound states
which can be tentatively associated with actual (“quasi-molecular”) states of the compound system.
Indeed, evidence has been adduced in some cases for either bound states or quasi-bound resonances
which seem to have the corresponding cluster structure, provided some account is taken of the Pauli
principle (see, e.g., [92,117]).

Our presentation here of Feshbach’s theory is didactic and ignores many subtleties. We refer the
reader to [68] for an authoritative discussion.

4.4.2. Outline of the theory

Let us initially ignore the exchange of nucleons due to antisymmetrization. Then the total wave-
function for the colliding projectile plus target system, p + ¢, may be expanded in terms of the
complete set of internal eigenstates of the individual nuclei

¥ =2 xi(r)dpi(Ep)Pi(E) (4.4)
i

where y;;(r) describes the relative motion when the nuclei are in their internal states labelled i and
j. Then g0 gives the elastic scattering if i,j =0 denotes the ground states. We want an effective
interaction, or optical potential, that will generate ygo(r) when used in the one-body Schrédinger
Eq. (4.1). Inserting the expansion (4.4) into the many-body Schrodinger equation and integrating
over the internal coordinates results in an infinite set of coupled equations for the y;;(r). If we use
Feshbach’s projection operator formalism to eliminate explicit reference to the nonelastic channels
[68, 182], we obtain an exact expression for the equivalent effective interaction which acts in the
elastic channel alone and determines ygo(#). This we may write

1
= i ! —_— 0. 4.5
e = Foo + iy ' o (=) oo (45)

& ao!

Here V is the (real) interaction between the two nuclei, while a stands for a pair of internal state
labels i,j. The prime reminds us that the sum runs over all states o in which at least one nucleus
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is excited. The first term of (4.5) is real and is simply the folded potential
Voo = Ve(r) = (@po@0|VPpodro) » (4.6)

where the round brackets denote integration over the internal coordinates £, and &, of the two nuclei.
Then we may rewrite (4.5) as

Us = V(r)+ AU . (4.7)

The second term AUz is often referred to as the dynamic polarization potential (DPP) and arises
from couplings to the nonelastic channels.

We should reemphasize that the potential Uz (and by implication an equivalent model potential),
defined in this way, is designed, when used in the Schrodinger equation (4.1), to generate the relative
motion yge(#) of the two nuclei while they both remain in their ground states. This may be a very
small component of the total wavefunction in that region where the two nuclei overlap appreciably;
in that case, the strong absorption into other channels manifests itself through yo(#) becoming small
there.

4.4.3. Polarization effects

The physical processes associated with the DPP are easy to understand from Eq. (4.5). The
interaction V' excites one or both nuclei to the state o. The system then propagates under the
influence of the mutual interaction according to the Green function

G = lim(E — H +ie) ™. (4.8)

Because the Hamiltonian /H contains the interaction ¥, the system may make a transition to a different
inelastic channel, o #«, during this propagation. Finally, ¥ induces a transition back to the elastic
channel.

Several properties of the DPP contribution AU to the effective interaction U are clear from
Eq. (4.5) [182]. First, it depends explicitly upon the energy E. Second, it is complex. The imaginary
part arises from energy-conserving transitions to open nonelastic channels in which flux is lost from
the elastic channel. The real part comes from virtual excitations, corresponding to readjustments the
two nuclei make as they begin to interact but which are reversed and they return to their ground
states. Energetically closed channels can contribute to the real part of AUg.

Lastly, the DPP is nonlocal; a system that is excited into a nonelastic channel at position r will,
in general, return to the elastic channel at another position r'#r. Some procedure must be devised
for obtaining an equivalent local potential before theoretically constructed effective interactions can
be compared with local phenomenological ones.

4.4.4. Antisymmetrization and exchange

The individual internal nuclear wavefunctions ¢;(¢) in (4.4) and (4.6) are each taken to be
antisymmetrized, but the Pauli principle requires the total wavefunction (4.4) also to be antisymmetric
under interchange of nucleons between the two nuclei. This introduces formal complications [68]
that we shall not go into here. In practice, the only concession to antisymmetry that is made in the
folding model (chapter 5) is to consider interchange of the two interacting nucleons. This process
has been called knock-on exchange because in nucleon scattering from nuclei it results in a target
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nucleon being ejected and replaced by the projectile nucleon following their mutual interaction. If
the interaction V is comprised of two-body interactions

V - Z Upt N (4.9)
pt

with p labelling a nucleon in the projectile and ¢ one in the target, including this knock-on exchange
is equivalent formally to replacing

Upy — Upe(1 — 3;:)’ (4.10)

where F,, is the operator that exchanges all coordinates of these two nucleons. Then the first term
(4.6) of the potential (4.5) is replaced in this approximation by

Voo = Vi:(}") = <¢p0¢t0

2 op(1 = Fy)
pt

¢p0¢t0)
=Vp + V§, say. (4.11)

Interchanging the spatial positions of the two nucleons affects the positions of the centres of mass of
the two nuclei, and their separation changes to #'#r. The corresponding exchange contribution VF
to the potential (4.11) becomes nonlocal. The range of nonlocality is not large because it arises from
recoil effects ~4." and 4;' [78, 162], and is further limited by the finite range of v,,. (A v,, with zero
range would result in a local potential.) In practical calculations, the nonlocal exchange contribution
becomes replaced by an approximately equivalent local term [78, 181,99] (see chapter 5).

The knock-on exchange contribution VF to the potential (4.11) is found to be far from negligible
when realistic nucleon—nucleon interactions are used. The relative sizes of the direct VP and ex-
change VE terms are sensitive to the effective interaction chosen between two nucleons in odd states
of relative motion [178,20], although their sum VP + VF is much less sensitive [178, 181]. This oc-
curs because the “oddness” of the odd-state interaction yields direct and exchange terms of opposite
sign which thus tend to cancel. A recent example [102] compares folded potentials calculated for
a+* Ca using G-matrix effective interactions based upon the Reid and the Paris nucleon—nucleon
potentials. The older Reid-based interaction results in an attractive direct component, and an attrac-
tive exchange component of similar magnitude. On the other hand, the more realistic Paris-based
interaction results in a repulsive direct potential. This is compensated for by a much more attractive
exchange term, such that the summed direct plus exchange potentials from the two interactions are
almost identical.

Finally, we should note again that the single-nucleon knock-on exchange potential discussed here
cannot be compared directly with the one-nucleon exchange contribution to the RGM “potential”
discussed in Section 4.3.2. The latter is an effective potential which contains contributions from the
kinetic energy operators and orthogonality requirements, as well as from the interchange of nucleons
that are not actively interacting with each other [69, 84, 87, 125].

4.4.5. The imaginary potential
Feshbach’s formalism provides a convenient and transparent starting point for models of the
absorptive processes that result in the imaginary part of the optical potential. Using Plemelje’s
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operator relation

. 1
lim -
e=0 o + 1€

=P (é) — ind(a), (4.12)

where # denotes the Cauchy principal value, we may formally separate AU of Egs. (4.5) and (4.7)
into its real and imaginary parts. A particularly simple expression for Im AU emerges if we neglect
the elements of ¥, and hence of the propagator G of (4.8), that are off-diagonal in the representation
(4.4). Then

ImAU =Im Uy = =7 3 Foul#)12(r) Bo(r i3 (¢ )IE — E,) (4.13)

where again the prime on the sum reminds us that the ground state x with i=;=0 is excluded and
where the energy-conserving delta function ensures that only open channels contribute. Actual calcu-
lations tend not te use the separation (4.12) but evaluate the full AU. With the same approximation
of neglecting off-diagonal parts of G, we have

AU(r,1") = 3 Voa(r)Gaalrr, ¥ Yoo (r') . (4.14)

oo’

A model for the nonelastic processes determines the coupling terms ¥;,, while various approximations
for the Green function G,, have been used. In principle, the sum over intermediate states o is infinite
(including continuum states of the two nuclei), but in practice, of course, a very truncated set of
states is used. The expression (4.14) has been applied to the scattering of nucleons (for examples,
see [168,49]), of alpha particles (for example, [172,203,60,123]) and of heavy ions [205] (see
also [160] and other references there). An important simplification was introduced by Vinh Mau
[123,205]; the important contributions to the sum over the intermediate states o in (4.14) were
assumed to come from limited regions of excitation energy, so that the Green functions G,, could
be replaced by averages and taken out of the o sums, G,u(r,#’) — G(r,#'). Closure could then be
used to perform the o sum,

;’ o) (x| =1 —10,0)(0,0], (4.15)

where the last term corrects for the ground-state term being excluded from the primed sum. The
final expression then depends only upon ground-state properties, with no explicit reference to the
excited states except for the choice of an average excitation energy. A WKB approximation is used
to simplify the Green function G(r,#') and a Wigner transform is introduced to reduce the nonlocal
potential to an approximately equivalent local one.

Despite the sequence of approximations involved, this approach has been quite successful in
reproducing the main features of the imaginary potentials found empirically (see [160] and other
references there), at least for peripheral collisions. The only application to a light heavy-ion system
seems to be to '2C +!2 C [205]. While the predicted Im U is in agreement with phenomenological
ones in the surface, it does appear to be too absorptive at small radii. It is not clear whether this
is due to the approximations made in the theory or whether it is due to the particular model input
used.
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4.5. Dispersion relations and “threshold anomalies”

4.5.1. Dispersion relations
The first term of the potential (4.5) is independent of the energy E, while according to (4.12) the
remaining DPP term is complex

AUg(r,r') = AVe(r,r') + iWe(r,r'). (4.16)

Feshbach [67, 68] seems to have been the first to point out that there is a dispersion relation between
the real and imaginary parts

? %'(r’r/)

AVe(r¥) = — [ 722 dE, (4.17)

together with the complementary relation

P AI/EI(",",)

VVE(hrl):_; E —E

dE'. (4.18)
These are analogues of the Kramers—Kronig relations for a complex refractive index in optics [93],
and can also be interpreted as an expression of causality, namely that a scattered wave is never
emitted before the arrival of the incident wave [48, 138].

Egs. (4.17) and (4.18) explicitly refer to the property that the potential is nonlocal in coordinate
space; the relations hold for any given pair r and r’, as well as any weighted integral over them. As
discussed elsewhere, this nonlocality (as well as that in Vg, arising from exchange) is equivalent to a
momentum dependence rather than a dependence on energy E, but phenomenological local potentials
cannot distinguish between these dependences. Consequently, some of the energy dependence found
for phenomenological optical model potentials is “spurious” and reflects an underlying nonlocality.
Only the true, or “intrinsic”, E-dependence is relevant to the dispersion relations (4.17) or (4.18).
Some discussion has been given elsewhere [135] on how to account for the spurious part. Fortunately,
there is some evidence that the spurious E-dependence is smooth and slow, whereas in the next
section we are concerned with the consequences of a more rapid intrinsic variation with E. In
practice [187] the relations (4.17) and (4.18) are usually assumed to hold for the phenomenological
local potentials, but the possibility of some spurious effects due to nonlocality should always be kept
in mind.

The dispersion integral (4.17) for AV involves W at all energies E’. In general, we will not know
this, particularly the behaviour at high energy. Different hypothetical extrapolations may provide very
different values for AVz. However, our concern here is with the influence on A¥; of a rapid variation
of Wy within a limited E range, rather than the absolute value of AVg. A subtracted version of the
relation is useful for this; effectively we normalize AJ; to its empirical value at some reference
energy E, and study the dispersive effects relative to that. This greatly reduces the sensitivity to
the behaviour assumed for #; at energies far from the ones of interest. We immediately get the
subtracted form from (4.17)

VVE’ '
—E)(E’—Es)dE' (4.19)

174
AV~ AV = (E-E)T [ o
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The first point we note about the dispersion relations is that a potential that is real (W =0) at all
energies may be nonlocal but has no intrinsic E-dependence. Further, an absorptive potential that
varies slowly with E, such as those constructed to represent the effects of Coulomb excitation or of
the breakup of ions like °Li, is associated with only a weak real polarization potential. On the other
hand, any rapid and localized variation of Wr must be accompanied by a variation in AJ; that is
similarly localized in the energy FE.

4.5.2. Threshold anomalies

As just remarked, a rapid intrinsic variation with E of the imaginary potential implies a corre-
sponding variation of the real potential. In particular, the denominator in Eq. (4.17) ensures that if
|Wg| (where Wz < 0) increases rapidly over some small range of E, the associated contribution to
AV: will be attractive (AJ; <0) in that same E region. Since we expect that W; will always vary
in the way just described when nonelastic channels become open (hence the term “threshold”), the
effect on the real potential (initially unexpected and so-called an “anomaly”) should be a universal
phenomenon, although the size and hence observability will depend upon the specific behaviour
of Wg.

A very closely related “anomaly” for a nucleon traversing nuclear matter has been known for
a long time (see [136] for example). In that case the Fermi surface plays the role of “threshold”.
The Coulomb barrier provides a threshold for heavy-ion collisions. Nonelastic channels begin to
be effectively closed by the Coulomb repulsion at energies below and in the vicinity of the top of
the barrier; consequently, the absorptive strength Wz decreases. This, and the associated increase in
the attractive real potential, has been observed in a number of cases (see [187] for a summary of
examples prior to 1991). The scattering of *O by 2®Pb (where the top of the Coulomb barrier occurs
at /A ~5MeV) has become the classic, and most dramatic, example: see Fig. 4.1, which shows
the strengths of the real and imaginary potentials near the strong absorption radius as a function of
bombarding energy. The upper solid line shows the behaviour of the real potential predicted by the
dispersion relation when the lower linear segments are used to represent Wr [187].

The Coulomb barrier is of much less importance for light heavy-ion systems (small Z,Z,), but the
number of open nonelastic channels increases as the energy rises above the lowest threshold. This
leads to |Wz| increasing also, until eventually kinematic matching conditions become the controlling
feature and Wz tends to level off or even decrease with further increase in E. It seems likely that
this threshold behaviour of W; will be less rapid than that caused by the Coulomb barrier in heavy
systems; consequently, the associated anomaly in the real potential would be expected to be less
strongly localized in energy. This is the case for the '>C + '2C system that is examined later [30].

Another manifestation of the threshold anomaly for heavy-ion collisions is the enhancement of
fusion cross sections at near- and sub-barrier energies. All models of the fusion process involve a
potential barrier which has to be at least partially penetrated before fusion occurs. Any increase in
the attractive nuclear component of this barrier will lower it and tend to increase the fusion cross
section [187].

4.6. Deep or shallow potentials: Uniqueness

One of the early questions raised concerning heavy-ion scattering was “Deep or shallow poten-
tials?” (e.g., [179]). The predominance of strong absorption made the question somewhat academic,
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Fig. 4.1. Illustrating the “threshold anomaly” in the strengths of the real and imaginary parts of the optical potential for
the scattering of '°0 +2%®Pb which occurs for energies in the vicinity of the top of the Coulomb barrier (about 80 MeV
in this case). Plotted are the values of the potential at r =12.4 fim, near the strong absorption radius. The curve for the
real potential was obtained from the dispersion relation (4.17) using the straight line-segment representation shown for
the imaginary potential (adapted from [153]).

but now one of our contentions is that careful studies of light heavy-ion systems have determined
unambiguously that the physically realistic real potentials are indeed “deep”. This follows the earlier
conclusion, based upon the same arguments, that a-particle—nucleus real potentials are deep; that is,
have depths ~100-200MeV in the target interior [76].

For completeness, we should discuss briefly how unique these conclusions are. For example, it is
known that many potentials may give the same scattering phase shifts, so presumably some implicit
constraints accompany our conclusions. All the work reported here makes the basic assumption
that the optical potential can be represented in a local form, is essentially independent of angular
momentum /, and varies only slowly and smoothly with energy E. Within this context, we find
the real potentials have depths and radial shapes consistent with the folding model when “realistic”
nucleon-nucleon effective interactions are used. This gives us some confidence in the interpretation
of these potentials as physically meaningful.

Recently, there have been interesting studies of the construction of shallow potentials that give the
same scattering phase shifts as the deep ones (see [87] for a review). In particular, Baye [10,11]
applied supersymmetry arguments to construct shallow real potentials that are rigorously phase-
equivalent to energy-independent, /-independent deep real potentials. At the same time, unphysical
(e.g. Pauli-forbidden) bound states in the deep potential are eliminated. The resulting shallow po-
tentials remain independent of energy, but exhibit a 1/r* singularity at small radii and a strong
dependence on angular momentum /. These operationally unpleasant properties, combined with the
simple and intuitively pleasing interpretation of the deep potentials, seem to make the use of the
deep potentials much more preferable and useful.
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The fact that much heavy-ion scattering data can be fitted using shallow, nonsingular and
I-independent potentials is due to the scattering, because of strong absorption, providing insuffi-
cient information to determine the potential unambiguously (or sometimes because of limited data).
In particular, such data can only yield information on a relatively small “window” of partial waves
for peripheral collisions.

5. Folded potential models
5.1. Introduction

As the reader will have surmised by now, we regard folded real potentials as central to our
understanding of nucleus—nucleus interactions. They comprise the first-order term of the optical
potential according to Feshbach’s theory. In practice, they are modified by a renormalization factor N
that is allowed to deviate from unity when experimental data are being fitted. It is assumed that
this effectively takes into account higher-order corrections to the real potential from the real part of
the DPP AUr and perhaps additional corrections from nucleon exchanges. Of course, the needed
deviation of N from unity should be small ($10% or so) if the model is to remain meaningful.
(Often adjustments of this order can hardly be distinguished from those due to uncertainties in the
ingredients of the folding model itself.)

It is now time to turn to a more specific discussion of folding [162, 181, 182]. Most important
is the choice of a realistic effective nucleon—nucleon interaction, but first we review the overall
structure of the model. It is generally assumed that the interaction ¥ is a sum of local two-body
potentials v,,, as in Eq. (4.9), although many-body aspects may be represented by a dependence of
v, On the density of the nuclear matter in which the two interacting nucleons are embedded. Then
the folded potential (4.6) may be written

Ve(r) = (¢p0¢to IV‘ ¢p0¢t0) = /d’}z / dr, pp(rp)pt(rt)vpt(rpta PpsPt) 5 (5.1)

where, for simplicity, we have ignored spin and isospin. Here p, and p, are the density distributions
of the projectile and target ground states normalized so that

/pi(ri)dr,- =4;. (5.2)

The coordinates are defined in Fig. 5.1. We have allowed for a possible density dependence of v,,.
Because there is integration over two densities, expression (5.1) is often called double folding.
Although involving a six-dimensional integral, it is very simple to evaluate if v,, does not depend
upon the densities. Then we use Fourier transforms to work in momentum space [181], thereby
reducing the integral to a product of three one-dimensional integrals. When v,, does depend upon
the densities (see below), equally simple forms can be obtained if the density-dependence is chosen
to factorize in certain ways, as in (5.20) below, for example. The power law (5.25) does not separate
in the same way but results in a sum of a relatively few terms if the power § is integer and small
and the prescription (5.21) is used. (Fortunately, f=1 seems to be the favoured choice!) Evaluation
of the exchange term is equally simple if the pseudo-potential approach (5.7), below, is taken. The
more realistic treatment of Khoa et al. [98, 101] requires a little more effort.
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TARGET PROJECTILE

Fig. 5.1. The coordinates used in the double-folding integral (5.1). The primed coordinates and the dashed lines result
after the nucleons p and ¢ have been interchanged because of antisymmetrization. This illustrates how the centres of mass
of the two nuclei are moved by the exchange, thus making the exchange part of the potential nonlocal.

The folding formula (5.1) satisfies some simple relations if v,, does not depend upon the densities.
If the density distributions are spherically symmetric and v,, is scalar, we have

J(Ve) = J(0p)J (0p)J (pr) = Ap A1 (Vp:) , (5.3)

where J(f) is the “volume integral” of the function f

J(f):41t/f(r)r2 dr. (5.4)
Furthermore, the mean-square radii are related by

Py = () + () + )y, » (5.5)
where

Py = [ rortar ] [ rerar. (56)

The relations (5.3) and (5.5) do not hold if the interaction v,, depends upon the densities p, and
p.. Estimates of the corrections introduced by density dependence have been presented [195].

5.2. Knock-on exchange

As discussed in Section 4.4.4, the only effect of antisymmetrization under exchange of nucleons
between the two nuclei that is normally included in the folding model is the single nucleon knock-on
exchange in which the two nucleons that are interacting via v,, are interchanged as in Eq. (4.11).
This makes the exchange term in the potential nonlocal, as indicated in Fig. 5.1.

At least two groups [161, 162, 129] calculated this knock-on exchange potential and concluded that
it could be estimated quite accurately by adding a zero-range pseudo-potential to the interaction v,
in the matrix element (5.1). Namely, replace v,, by

v, = 01 = Pp) = vy +J(E)S(ty) - (5.7)
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The zero-range immediately makes the exchange term local. The strength J(E) depends only weakly
on the energy E. It has been obtained by calibrating against “exact” calculations for nucleon—
nucleus scattering {129], or approximate calculations for heavy-ion scattering [78,162,53]. These
two estimates may lead to considerably different results [189].

Instead of the simple but semiphenomenological approach of (5.7), a more consistent microscopic
approximation to the exchange potential has been proposed (see [98, 101] and other references there).
This takes explicit account of the finite range of v,,, yet still results in a local potential through
the use of local WKB approximations for the change in relative motion and for the off-diagonal
elements of the one-body density matrices. The local momentum needed involves the potential that
is being calculated, thereby posing a self-consistency problem. This may be solved iteratively. Despite
these complications compared to the ansatz (5.7), the exchange potential is readily evaluated. No
semiphenomenological adjustment is required, as was needed for the value of J(E) in Eq. (5.7);
everything follows directly from the v,, chosen. This approach has been applied successfully to the
scattering of o-particles [102] and light heavy-ions [101, 103].

5.3. The effective nucleon—nucleon interaction

The success or failure of a folding model can only be judged meaningfully if the effective inter-
action employed is truly “realistic”. Although much progress has been made, there are still many
questions to be answered before we can be sure that the goal of realism has been reached [133, 134].
In our present brief review, we merely summarize some of the approaches now in use. As usual,
an important criterion of realism is addressed by feedback from success or failure when a given
approximation is confronted by experimental data.

The bare nucleon—nucleon potential, obtained from analysis of nucleon—nucleon scattering mea-
surements, is too strong to be used directly (i.e. in Born approximation), but it is now widely
recognized that the main features of the optical potential for nucleon—nucleus scattering can be
understood by using the lowest-order Brueckner reaction matrix as an effective nucleon—nucleon in-
teraction [136, 134, 133,95]. Deriving this effective interaction for a finite nucleus is a formidable
task, so the usual approach is to do so for infinite nuclear matter as a function of density. Then a
local density approximation (LDA) is invoked. The LDA assumes that the interaction of a nucleon
pair at a position r in a finite nucleus where the density is p(r), is the same as in uniform nuclear
matter with the same density. (Of course, this neglects any dependence on density gradients.)

The problem for heavy-ion scattering is further complicated because the two interacting nucleons
are immersed in two pieces of nuclear matter moving relative to each other, which implies a quite
different Pauli operator in the Bethe—Goldstone equation [13]. At least two attempts have been made
to overcome this problem by solving the Bethe—Goldstone equation in this environment [180, 65].
The first attempt appears to result in real potentials that are too shallow and imaginary potentials
that are too absorptive, although this could be due to the choice of nucleon—nucleon interaction and
the approximations used. The second attempt identifies the optical potential with the energy-density
curve, an approach that was criticized earlier (Section 4.3). As a consequence, the calculated real
potential increases in depth as the energy increases (up to E/4 =1 GeV) instead of decreasing as
found empirically {180, 65]. More frequently, however, the approach has been to use the LDA just
described, replacing the single target density by the sum of the two colliding density distributions.
Thus we neglect any dynamic consequences of their relative motion on the effective nucleon-nucleon
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interaction, but this simple approach has had some remarkable success (documented in the remainder
of this review).?

Before discussing some specific effective interactions that are in use, we examine the role of spin
and isospin.

5.4. Spin and isospin structure

The central part of the effective nucleon—nucleon interaction v,, may be written
Upy = UOO(rpt) + UOI(’}Jt)Tp T+ UlO('}Jt)Gp <0+ Ull(rpt)ap C 0Tyt Ty, (58)

where 0,7 are the Pauli matrices for spin and isospin, respectively. In general, there will be spin—
orbit and tensor terms also (for example, see [182, p. 638]). When either target or projectile has
zero spin, the vsy terms in (5.8) with S =1 do not contribute. Similarly, the vgy with T =1 do
not contribute if either nucleus has zero isospin (N = Z). Usually, the spin terms are relatively
unimportant for determining cross sections (but, of course, can become important for polarization
measurements). For one thing, only one or a few unpaired nucleons in each nucleus contribute to
the S=1 potential whereas all nucleons contribute to the §=0 part.

Similarly, the 7 = 1 interactions tend to make either no contributions or only small ones. For
example, the integrand of Eq. (5.1) for two spinless nuclei (so S = 0 only) may be written

pppvoo + (o, — p7 )Py — p{vor (5.9)
where p?, pf are the neutron, proton distributions, respectively, in nucleus i. For illustration, we may
assume p7 = (N;/4;)p; and p! = (Z;/4,)p;, then (5.9) becomes
(Np B Zp) (Nt - Zt)

1
vy 7 (5.10)

PpP: | Voo + Vo

Now vy, and vgy are comparable in magnitude for realistic interactions (typically vy /vee ~ —0.5),
whereas the product of asymmetries (N, — Z;)/4; is usually either zero or very small, even for light
systems involving an “exotic” neutron-rich nucleus like ''Li [106].

Consequently, almost all calculations of folded potentials have utilized only the spin-, isospin-
independent interaction vgo.

Frequently, instead of the representation (5.8), the nucleon—nucleon interaction is expressed in
terms of the total spin (singlet S or triplet 7) of the two-nucleon system and the parity of its
relative orbital angular momentum (even E or odd O). In these terms, for example, the spin-,
isospin-independent component vy becomes [14, 182]

voo = 15(3vsz + 3vre + vso + 7o) - (5.11)

This representation is particularly convenient when considering exchange, for the effect of the ex-
change operator F, is to change the sign of the odd-state components and leave the even-state ones
unchanged. Thus the interaction dy, appropriate for the knock-on exchange term becomes

boo = 1= (3vsg + 3vre — vso — Yvr0) . (5.12)

2 However, as Mahaux [134] remarks, we must beware of confusing a successful comparison to experimental data with
a theoretical justification. It is necessary but not sufficient.
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This change of sign also implies some cancellation of the odd-state contributions when the direct and
exchange potentials are added, making the results less sensitive to the choice of odd-state interaction.
However, this cancellation can never be complete, as we now see.

Both even and odd terms contain a long-ranged (= 1.4fm) piece from the one-pion exchange
potential (OPEP). The OPEP is proportional to (o, - 6,)(7, - 7.), so can only contribute to the v
component in Eq. (5.8). Thus we find the sum of its contributions to Eq. (5.11) vanishes; the even-
state pieces are cancelled by the odd-state ones. However, the change of sign for the latter in the
exchange interaction gy of (5.12) means the OPEP does contribute there.

5.5. Density-independent M3Y interactions

A variety of effective nucleon—nucleon interactions have been introduced into the folding model,
but that which became known as M3Y is probably the most widely used and certainly is represen-
tative of “realistic interactions”.

Details are given by Bertsch et al. [14]. The derivation proceeded in two steps. First the Bethe—
Goldstone equation was solved in an harmonic oscillator basis, using the Reid [171] soft-core inter-
action, to yield the Brueckner reaction- or G-matrix. An oscillator parameter fw = 14MeV was
chosen, appropriate for nuclei near '°0. Then a sum of Yukawa terms was found whose oscillator
matrix elements most closely reproduced the G-matrix ones. The central components were fitted
using three Yukawa terms with ranges of 0.25,0.40 and 1.414 fm (hence the notation M3Y, with M
standing for Michigan to distinguish it from some other, similar, interaction models being investigated
at that time). The term with the longest range was fixed to be the OPEP, leaving the other two
strength parameters to be adjusted for each central component. The odd-state components of the
central interaction are the most poorly determined parts. Instead of using the Reid results for them,
it was proposed to use pure OPEP for the triplet-odd interaction and a three-Yukawa fit to the
oscillator matrix elements of Elliott et al. [63] for the singlet-odd interaction.

This work was later extended to use the more modern and more fundamental Paris nucleon—
nucleon potential [122]. This potential was used to generate a/l (odd as well as even) components
of the effective interaction [5]. To distinguish these variants, one should refer to the M3Y-Reid and
M3Y-Paris effective interactions.

Results were given for all spin, isospin components of the interaction, including spin—orbit and
tensor, but our primary interest here is in the S=7 =0 spin- and isospin-independent central term.
Explicit forms for this term follow:

e—4r e—Z.Sr
M3Y-Reid: = | 7999 - 2134 .
el voo(7) { m X } MeV , (5.13)
3 e—4r 6_2‘5"
M3Y-Paris: = 111062 - 25 . .
aris:  vgo(r) ” 38 X MeV (5.14)

Both versions consist of a short-ranged repulsion and a longer-ranged attraction, passing through
zero near » ~0.5 fm. In momentum space this implies a change of sign near g ~2fm™'. These are
common characteristics of realistic effective interactions.

The interactions (5.13) and (5.14) have volume integrals (5.4) of Jy(Reid) = —146 MeV fm?
and Jy(Paris) = +131 MeV fm®. They are not as short-ranged as their component Yukawas might
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suggest. The mean-square radius (5.6) for the Reid version is 7.26 fm? (the same as a single Yukawa
with a range 1.10fm), while for the Paris version it is 8.73 fm? (as for a single Yukawa with a
range 1.21fm).

As discussed earlier, the knock-on exchange matrix element involves interactions © in which the
odd-state contributions have changed sign. This allows the OPEP, absent from (5.13) and (5.14), to
contribute to Oy:

) e——4r ~2.5r e—0.7072r
M3Y-Reid:  dgo(r) = {4631 yrai 1787 75, 7'8470.7072}”} MeV, (5.15)
e—4r e—Z,Sr e—[).7072r
M3Y-Paris:  fgp(r) = [—1524 P 518.8 X 7'8470.7072r] MeV . (5.16)

These forms have been used in recent calculations of the exchange potential for a-particle-nucleus
and heavy-ion scattering [101-103] in which the finite range was accounted for explicitly as described
in Section 5.2. However, many other calculations use the zero-range pseudo-potential of Eq. (5.7)
to represent the knock-on exchange. The magnitude of Jy(E) has been determined empirically [129]
by comparing cross sections for protons scattering from various targets, and at various energies up
to 80MeV, calculated using (5.7) with those in which the exchange was calculated exactly. The
results using the Reid interaction can be expressed as

M3Y-Reid: JoolE£) = =276 [1 — 0.005(E/4)] MeV fin’ (5.17)
while use of the Paris form gives
M3Y-Paris: Jyo(E) = —590[1 — 0.002(E/4)] MeV fm’ | (5.18)

where E/A is the bombarding energy per projectile nucleon in MeV. (An alternate approach [78, 53]
to the estimation of Jy can lead to a significantly different energy dependence [189].)

A notable difference between the Reid-based and Paris-based direct interactions (5.13) and (5.14)
is that the latter is repulsive. Its volume integral is comparable in magnitude to the Reid one, but
of opposite sign. On the other hand, the Paris exchange term is roughly twice as attractive as
the Reid one; this is made particularly evident in the pseudo-potential strengths (5.17) and (5.18).
However, when direct and exchange potentials are combined, their sums are very similar [102].
This emphasizes the importance of including the knock-on exchange when calculating the folded
potentials. The magnitudes of the exchange terms compared to the direct ones also emphasize the
need to treat the exchange as accurately as possible.

Finally, two more general comments on these M3Y interactions must be made. First, they are
purely real, so that the imaginary part of the optical potential either has to be constructed indepen-
dently (Section 4.4.5) or, most frequently, treated phenomenologically.

Secondly, they are independent of the density of nuclear matter in which the two nucleons are
embedded, and are also independent of energy except for the weak dependence of the knock-on
exchange. Indeed, from their origin as fits to oscillator matrix elements, one sees that they concern
the effective interaction of two nucleons within a nucleus like '°O, and hence represent some average
over a certain range of energies and over a range of densities from zero to normal nuclear matter.

It is now appropriate to turn to a more careful consideration of how the effective interaction varies
with the density of the medium.
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Fig. 5.2. Illustrating the importance in the folding model for alpha particle scattering of a density dependence of the
interaction. The potentials for peripheral collisions are almost the same in the two cases, hence give the same scattering
at small angles, but the density dependence makes the potential much less deep in the interior and gives very different
scattering at large angles (from [182]).

5.6. Density-dependent M3Y interactions

It has long been recognized that the effective interaction between two nucleons in a nucleus
depends upon the density of the surrounding medium (for example, see [13] and references there);
indeed, this density dependence is required for nuclear matter to saturate rather than collapse. Satu-
ration requires that the attraction weakens as the density increases.

Perhaps the first clear indication that this plays an important role in the folded potential arose
from studies of a-particle scattering. Folded potentials based upon density-independent interactions
like the M3Y could reproduce the data at forward angles or low energies; that is, they correctly
predicted the potential experienced in peripheral collisions. However, the rainbow-like features seen
at higher energies and larger angles were not reproduced because these features are sensitive to the
real potential at smaller radii. The folded potential was too deep there by almost a factor of two.
This is a clear indication that the effective interaction must depend upon the position within the
nucleus of the two interacting nucleons. A dependence upon density is a simple way to represent
this and has a sound physical basis. Fig. 5.2 illustrates the effect, and provides another example of
how the observation of refractive phenomena, discussed in chapter 3, can be an important source of
physical information.

(One might wonder if the additional contribution to the folded potential from the real part of the
DPP (Section 4.4.3) would provide an alternative explanation. However, estimates of this contribution
{204] indicate that it is small and, besides, is attractive, not repulsive.)
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5.6.1. The DDM3Y interaction

A variety of density-dependent interactions have been introduced. Here we discuss some based
upon the M3Y interaction of the preceding section. It was assumed that the radial dependence is
independent of the density and energy so we can use a factored form

v?(p,E,r) = f(p,EW(r), (5.19)

where v'(r) is the original M3Y interaction (including the knock-on pseudo-potential) described in
the preceding section. There is no theoretical justification for this factorization, but it does not seem
to be an unreasonable approximation that the shape of v(r) does not vary strongly with density (or
energy over the range of main concern here, E/4 ~ 10-100MeV). Furthermore, as already stressed,
the original M3Y interaction itself already represents some average over density and energy.

The first version [109, 110] took v'(r) to be the M3Y (Reid) interaction (5.13) together with the
knock-on exchange pseudo-potential as in (5.7) and (5.17). The density dependence adopted was

f(p,E) = CE)1 + a(E)e "5, (5.20)
with
p = pp(rp) + pri). (5.21)

This choice allows for a simple factorization of the integrand of the folding integral (5.1) which
allows one to easily perform the integration in momentum space [181]. In the density-dependent
term one simply replaces each p;(r;) by

piri) = pi(rpe . (5.22)

(Possible changes due to a choice of coordinates other than those chosen in (5.21) were examined
by Goldfarb and Nagel [79].) The parameters C(E),a(E) and B(E) were chosen at each energy so
as to make the variation with density of the volume integral of vP° match as well as possible the
results of the Brueckner-type calculations of Jeukenne et al. (JLM) [95] for a nucleon scattering
from nuclear matter of various densities p ranging from about 5% to 100% of “normal” nuclear
matter po, and at nucleon energies from 10 to 140 MeV.

The volume integral JSP(p,E) of the spin- and isospin-independent interaction vgy is to be iden-
tified with the quantity ¥o(p,E)/p of JLM. The behaviour with energy and density is illustrated in
Fig. 5.3 taken from JLM, and the parameter values obtained are indicated in Fig. 5.4 {110, 64,29].
The JLM calculations implicitly include the knock-on exchange. We also note that adopting the
form (5.19) assumes the same density dependence for the direct and exchange terms. The JLM
calculations give both the real and imaginary parts of the G-matrix interaction, but the imaginary
parts, while moderately successful in describing nucleon-nucleus scattering, are not thought to be
appropriate for heavy-ion collisions. The spectrum of open channels for two heavy ions is quite
different, and excitation of surface collective modes, absent from uniform nuclear matter, is known
to be important {97,205, 160].

Thus, in summary, the spin- and isospin-independent part of the DDM3Y interaction is

oMY (p, E, r; Reid) = f(p, E)[voo(r; Reid) + Joo(E; Reid)] , (5.23)
where f is given by (5.20), ve by (5.13) and Joo by (5.17).
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Fig. 5.3. The volume integral of the spin- and isospin-independent real part of the G-matrix interaction calculated by
Jeukenne et al. [95] for a nucleon of various energies scattering from uniform nuclear matter of density p. These results
implicitly include the knock-on exchange (from [95]).

Fig. 5.4. The parameter values adopted for the density- and energy-dependence (5.20) of the effective interaction DDM3Y
{110, 64,29], obtained by matching the G-matrix results of [95].

One difficulty with the form (5.20) for f(p) is that densities roughly twice that of normal matter,
p =~ 2p,, are encountered when strong overlap of the two ions occurs, whereas the normalization
to JLM is only possible up to p ~ p,. Extrapolation beyond that using the exponential form in
(5.20) is questionable. More reliable, perhaps, is a power-law dependence, even though it does not
enjoy the factorization property that led to the simplification (5.22). We now turn to a develop-
ment that uses such a dependence, and also invokes the saturation of nuclear matter as a con-
straint, as well as employing a more careful and less phenomenological treatment of the knock-on
exchange.

5.6.2. Saturation as a constraint on the interaction

One motivation for originally introducing density dependence into the effective nucleon-nucleon
interaction was that it was needed to ensure the saturation of nuclear matter [13]. This implies an
important constraint [162] if we are to take seriously the idea that the effective interaction required to
generate optical potentials for scattering is essentially the same as that needed for nuclear structure
problems such as the shell-model (Hartree—Fock) potential for bound nucleons. This idea has a firm
theoretical basis for nucleon—nucleus systems [133, 134, 136], but unfortunately there is no similar
truly microscopic theory supporting the idea for nucleus—nucleus systems. Nonetheless, it provides a
reasonable ansatz to be tested, tests which it appears to have survived, at least for the light heavy-ion
systems reviewed here.
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Fig. 5.5. The equation of state (EOS) for symmetric cold nuclear matter, calculated for various effective nucleon—nucleon
interactions. The M3Y interaction does not give saturation, while the original DDM3Y interaction saturates with the
observed binding energy per nucleon (here denoted E/4) but at much too small a density. The various interactions of
Khoa et al. were adjusted to give the observed binding energy of 16 MeV at the density of 0.17 fm™>. Shown are the
EOS for the interactions based upon the Reid nucleon—nucleon force (from [100]).

The binding energy of nuclear matter is given (in Hartree-Fock approximation) by the sum of
the kinetic and (one-half of) the potential energies of the individual nucleons. The binding energy
per nucleon, B, should saturate, i.. have a minimum as a function of p, with By =~ 16 MeV at
p = pp =~ 0.17 fm~3. The curvature of B(p) at p = p, gives the incompressibility of normal nuclear
matter

K = 9pX(0B/3p*)|ompo (5.24)

an important quantity about which considerable uncertainty still remains.

The M3Y interaction itself does not saturate; —B(p) continues to increase as the density p grows
(Fig. 5.5). However, the introduction of a density dependence f(p), as in (5.19), which weakens
the aftractive interaction as p increases, allows saturation to occur. The exponential parameteriza-
tion (5.20), with the parameter values (Fig. 5.4) for E/A = 5 MeV, together with the M3Y(Reid)
interactions (5.13) and (5.15), gives a minimum at p, ~ 0.07 fm™> with By ~ 15.9 MeV [100].
Consequently, the conventional DDM3Y form does not satisfy the criterion; it saturates with the
appropriate energy but at much too low a density (Fig. 5.5).
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Khoa et al. [100-103] have addressed this problem recently. For simplicity, the parameters in
the density dependence f(p) are assumed to be independent of energy, in contrast to the original
DDM3Y of the preceding section (Fig. 5.4). Initially, the C,« and f of the exponential form (5.20),
in conjunction with the M3Y-Reid or M3Y-Paris interactions of Eqgs. (5.13)—(5.16), were adjusted so
as to give By=16MeV at py=0.17fm=3. These versions were denoted DDM3Y1 and the parameter
values given in [102]. They correspond to rather soft equations of state (EOS) for nuclear matter
with K =171(Reid) and 176(Paris) MeV. The exponential dependence on p in (5.20) is restrictive
and the parameters cannot be adjusted to satisfy the saturation properties with a larger value of XK.
(Note that if C and « are positive, as required, f(p) cannot change sign as p increases.)

Consequently, a more realistic power-law dependence on p [13] was adopted

flp)=C( —ap?), (5.25)

which can change sign at large p. The power f is taken to be one-third of an integer, corresponding
to dependence upon an integer power of the Fermi momentum. Various f were chosen (f = %, 1,2
and 3) in combination with M3Y-Reid or M3Y-Paris, and values for C and o found which satisfy
the saturation conditions By = 16 MeV and p, =0.17 fm™; these are given in [102], together with
the corresponding K values which range from 170 to 566 MeV. These interactions were denoted
BDM3Yn, n = 0-3, respectively, and the resulting EOS are illustrated in the lower part of Fig. 5.5.

The folding model for the scattering of two nuclei as used here takes p to be a simple superpo-
sition of the target and projectile densities.® Thus the total density p approaches 2p, when the two
nuclei overlap strongly (even more for a-particle-nucleus systems [102]). This makes the folded
potential at small radii sensitive to the kind of density dependence assumed. The interaction in this
region weakens as n (or the power f8) increases, thereby offering the opportunity to determine the
appropriate n (or f#) whenever the scattering is sensitive to the depth of the potential in the interior.
In this way we can obtain a measure of the incompressibility K. With this in mind, the DDM3Y1
and BDM3Yn interactions have been applied to the scattering of nucleons [100] and alpha parti-
cles [102] from nuclei, and the scattering of light heavy-ion systems [101, 103]. The latter analyses
are described in more detail below; here we only remark that they consistently favour the DDM3Y 1
or BDM3Y1 interactions. The parameters that describe the corresponding density dependencies of
these interactions are given in Table 1, together with the incompressibilities K. For example, for
complete overlap, p = 2p,, the BDM3Y1(Paris) interaction is reduced in strength by a factor of
F(2po)/f(0) = 0.407. This factor becomes 0.433 for the DDM3Y 1(Paris) interaction. In other words,
the interaction between two ions is roughly halved by the density dependence when they completely
overlap.

If we give maximum weight to the power-law (5.25) and the M3Y-Paris interaction (5.14) and
(5.16) as being the most realistic, these analyses imply K ~270 MeV. Use of the M3Y-Reid form
gives a somewhat smaller K ~230 MeV, while employing the less realistic exponential form (5.20)
results in an even lower value of K~ 175 MeV.

3 The density superposition (5.21) is used for the direct interaction, while for the exchange terms the coordinates are
chosen so that the density is evaluated at a position midway between the positions of the two nucleons before and after
they are exchanged.
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Table 1
Parameters of the density dependencies of the favoured DDM3Y1 and BDM3Y]1 interactions, and the corresponding
nuclear matter incompressibilities x (from [102])

Interaction C o B K
(MeV)
BDM3Y1-Paris® 1.2521 1.7452 fm® 1.0 270
BDM3Y1-Reid® 1.2253 1.5124 fm® 1.0 232
DDM3Y 1-Paris® 0.2963 3.7231 3.7384 fm’ 176
DDM3Y1-Reid® 0.2845 3.6391 2.9605 fm? 171

*Density dependence as in Eq. (5.25).
®Density dependence as in Eq. (5.20).

In the course of these applications to scattering data, it was found necessary [100] to introduce
an additional mild energy dependence over that provided by localizing the exchange potential. This
was parameterized as a linear function

g(E) = [1 — p(E/A)], (5.26)

with y = 0.002 MeV~! (Reid) or 0.003 MeV~' (Paris). The direct part of the full interaction now
has the form

vgo (0, E,r) = g(E) f(p)voo(r) ; (5.27)
where vy is given by (5.13) (Reid) or (5.14) (Paris). Likewise the exchange part becomes
S0 (0> E,r) = 9(E) f(0)boo(r) , (5.28)

where gy is given by (5.15) (Reid) or (5.16) (Paris).

It was mentioned earlier (Section 5.5) that the M3Y-Paris direct interaction (5.14) was repulsive,
in contrast to the attractive M3Y-Reid of (5.13), but that this difference was compensated for by the
greater attraction of the Paris exchange term. This is illustrated in Fig. 5.6 for the folded potential
for a+*Ca, based upon the BDM3Y1 density-dependent version. The decompositions into direct
and exchange components are very different, but their sums are almost indistinguishable.

The philosophy behind the work described in this section has been extended recently to asymmetric
nuclear matter [106]. In this the isovector, spin-scalar components vy (r) and 0g;(#) of the M3Y
interactions [14, 5] were used together with the same forms of density dependence with parameters
adjusted so as to reproduce the symmetry energy of nuclear matter, as well as the saturation properties
previously discussed. Unfortunately, the symmetry (isospin-dependent) part of the central nucleus—
nucleus potential is found to be only a few percent of the isoscalar term and does not have measurable
effects on the elastic scattering cross sections, even for exotic neutron-rich systems like ''Li 4 C.
It appears that one must appeal to charge-exchange reactions, which isolate the isovector part of
the interaction from the isoscalar part, in order to test the validity of any model of the isovector
interaction.
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Fig. 5.6. Comparing the direct and exchange components of the folded potential for a+*Ca at 141.7 MeV, constructed us-
ing the BDM3Y1 interactions based upon either the Reid or more recent Paris nucleon—nucleon forces. The decompositions
into direct and exchange components are very different, but their sums are almost identical (from [102]).

5.7. The Coulomb potential

At large separations r, where the hadronic forces have become negligible, the Coulomb interaction
between two nuclei is usually assumed to be unambiguous and equal to

Vo(r) = Z,Z,ér . (5.29)

(This neglects small but long-ranged and complex contributions due to dynamic polarization of the
nuclei by the Coulomb force itself [89].) The r—' dependence of (5.29) is no longer valid when
the two nuclear surfaces begin to overlap at smaller r. Frequently, the Coulomb potential at small
r is represented by the potential felt by a point charge incident upon a uniform charge distribution
of radius Rc, following a tradition established in the analysis of proton scattering. Unfortunately
this prescription does not tell us what value to use for Rc in a nucleus-nucleus collision. Figs. 5.7
and 5.8 illustrate two choices for 0 + 'O, Rc = 6.8 and 4.3 fm. (The charge distribution of '°0
has an RMS radius of about 2.6 fm, corresponding to a uniform distribution with a radius of 3.4fm.)
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Fig. 5.7. Coulomb potentials for '®0 + '®0 according to various assumptions about the two charge distributions: (a)
point 4 uniform distribution of radius 6.8 fm; (b) point + uniform distribution of radius 4.3 fm; (¢) two uniform distributions
each with radius 3.4 fm; (d) two rounded (shell model) distributions each with an RMS radius of 2.6 fm. The corresponding
charge distributions are shown inset (from [182]).

Fig. 5.8. The angular distributions for '®0 -+ '90 scattering at 350 MeV using three of the Coulomb potentials illustrated
in Fig. 5.7, but the same nuclear potential. The dotted curve uses charge distribution (a), the dashed curve uses (b), while
the solid curve uses (c).

The resulting ¥ potentials differ by 60% at » = 0. This is a significant difference because '°O + °0O
is one of the systems reviewed here whose scattering can reveal the strength of the (hadronic plus
Coulombic) interaction at small radii. (Unfortunately, published reports of analyses do not always
specify what form of Jz was used. The nuclear potentials that optimize the fit to the 350 MeV data
may differ up to 6-7 MeV (~ 4% of their value) at small radii, depending on the choice of 6.8 or
4.3 fm for R¢.)

We should employ a more realistic, folded, Coulomb potential to be consistent with the folding
approach to the hadronic interaction (although this still neglects an exchange Coulomb contribution
arising from antisymmetrization). There is an analytic expression available [94,166] when each
nucleus is represented by a uniform charge distribution. This choice for O + 'O is shown as
(c) in Fig. 5.7, together with (d), the result of numerically folding over two rounded (shell-model)
distributions, each with the same RMS radius of 2.6 fm. These two choices agree quite well, giving
Vc that differ only by a few percent even at » = 0.

It is also interesting to note that the “point plus uniform distribution” approximation, which is
often incorporated in computer programs for scattering problems, requires a radius Rc appreciably
smaller than the sum of the radii of the two nuclei in order to give a }- comparable to the more
realistic ones. For example, Fig. 5.7 shows that Rc ~ 4.3 fm is needed for °0O + 90. In the usual
parameterization

Re =r[4,)* +4,°], (5.30)
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this would imply 7 ~ 0.85 fm when 4, = 4, = 16. In general, for two distributions with equal radii
R, = R,, the Coulomb potential at the centre is always 1.6 times that for a “point plus uniform
distribution” approximation with Rc = R, + Ra.

5.8. The dynamic polarization potential and breakup

5.8.1. Dynamic polarization

The dynamic polarization potential (DPP) was discussed formally in the context of Feshbach’s
theory [68] in Sections 4.4.2 and 4.4.3, where it was denoted AUg. The absorptive, imaginary
part was discussed in Section 4.4.5, but little attention has been paid so far to the real part. This
represents a correction to the folded real potential and should be small if the simple folding model
is to be a reliable guide to the properties of the real optical potential. The existence of threshold
anomalies (Section 4.5 and Fig. 4.1) shows that this is not always so. Such cases occur at relatively
low bombarding energies, where the scattering is not particularly sensitive to the detailed shape of
the real potential but is determined largely by the value and slope of the potential in the vicinity
of some strong absorption radius. Consequently, it is often sufficient to simply renormalize the real
folded potential in order to fit the data.

However, it would be very surprising if, in fact, the real part of the DPP had the same radial
shape as the folded potential ¥z(r). For example, if the virtual excitation of collective surface modes
is important, one might expect the DPP to be concentrated near the surface [8,9,70].

The overall success of realistic folding models, as indicated by a need for renormalization factors
N close to unity (with the exception of threshold anomalies), implies that in most cases the real
DPP is relatively weak. One other important exception occurs for the scattering of weakly bound
nuclei, and we turn now to this class.

5.8.2. Breakup effects

It was recognized early that the folding mode!l appeared to fail for the scattering of the weakly
bound nuclei ’Li and °Be [181]. These data required a substantial renormalization of the real folded
potential by factors of N ~0.6. (Initially [181] the scattering of "Li seemed to be “normal”, but later
studies revealed it to be just as “anomalous” as °Li [185].)

It was natural to associate this failure of the model with the enhanced breakup of the projectile
nuclei due to their weak binding. (The ground states of ’Li and °Be are bound by only 1.47, 2.48
and 1.57 MeV, respectively.) Subsequently, the effects of breakup have been investigated in detail,
using coupled discretized continuum channels (CDCC) techniques [185]. These studies confirm that
including couplings to the breakup channels allows one to fit the elastic data by using the full folded
potential without substantial renormalization (N =~ 1).

We can expect similar, or even stronger, effects in the scattering of more exotic, weakly bound
nuclei close to the nucleon drip lines, such as 'Li [90] which is bound by only about 300 keV.

It is also possible to construct wavefunction-equivalent (or “trivially equivalent”) local potentials
from the solutions of the coupled equations that will generate exactly the same elastic wavefunctions
and the same elastic scattering when used in a one-channel Schrodinger equation (see [89], for
example). In other words, these are local representations of the DPP. The price paid for localizing
in coordinate space is that these DPP depend upon the angular momentum variables. However, the
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Fig. 5.9. The effect of couplings to breakup channels on the elastic scattering of °Li + **Si at 9 MeV. A folded potential
obtained from the M3Y interaction was used, multiplied by a complex normalization factor (Nx + iMN). Ny was fixed
at 0.623. Without the breakup couplings, the value Nz =1.0 does not reproduce the data (dotted curve), and has to be
severely reduced to Nx =0.554 (dashed curve). However, the value Nz =1.0 does give an acceptable fit (solid curve)
when the couplings to the breakup channels are included, showing how the breakup effects have an effect mostly on the
real potential (from [185]).

dependence of the DPP upon angular momentum is not strong for the important peripheral partial
waves or at large radii, so we may expect to learn something about their average behaviour.

5.8.3. The scattering of °Li

The CDCC techniques have been applied particularly to study the effects of breakup on the scatter-
ing of ®Li. The calculations reported in [185] employed the M3Y interaction defined in Section 5.5
for both the real and imaginary potentials. (It would be very interesting to repeat these calcula-
tions using what we now think to be the more realistic density-dependent interaction described in
Section 5.6. We would not expect the qualitative features to change for cases where the scatter-
ing is dominated by peripheral collisions, but differences could occur when the scattering becomes
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sensitive to the interior of the potential.) Breakup of ®Li into o + d in relative s-, p-, and d-
wave states was taken into account. Bombarding energies of 34-156 MeV, on various targets, were
considered. It was found that the scattering predicted by the coupled-channels calculations, using
the full M3Y interaction (with N =1), was very similar to that obtained in the one-channel (optical
model) calculations with a reduced M3Y interaction (N =0.6) for the real potential, as was required
to fit the experimental data. Curiously, the same imaginary potential could be used in both types of
calculation (in practice, in these calculations the same folded M3Y shape was used for the imaginary
potentials, reduced in strength by N; = 0.6). This implies that breakup has rather little effect on the
imaginary potential. Fig. 5.9 illustrates this for Li +22Si at 99 MeV.

These findings were corroborated when the local potentials equivalent to the coupled equations
were examined [185]. The DPP were found to have strongly repulsive real parts in the surface
region and weak imaginary parts. This is in contrast to the DPP resulting from couplings to inelastic
channels whereby the target is excited to bound vibrational states; there the average DPP is found
to be predominantly imaginary [89]. Thus these vibrational couplings have little influence on our
judgment of the success of the folding model for the real potential, while the imaginary potential is
usually treated phenomenologically anyway.

The characteristics just discussed were found to be sensitive to the nature of the coupling to
the nonelastic channels. A largely real coupling, such as is usually assumed for the excitation of
low collective states, results in a DPP that is mostly imaginary, while a coupling with a strong
imaginary part, such as was used for the breakup reactions, tends to give a DPP that is mostly
real and repulsive. For further discussion, the reader may consult the detailed review by Sakuragi
et al. [185].

6. Applications to experimental data

A large amount of light heavy-ion data have been successfully analysed with potentials obtained
microscopically or by using deep phenomenological potentials. We present the data, the main results
from the optical model analyses in relation to the potential themselves and other related quantities
such as total reaction cross sections.

Much of the data are obtained for the scattering of two identical nuclei. Hence the differential
cross sections are symmetric about 90° in the cm system, thus restricting the angular range that
can provide information. In addition, we may see structure near 90° that arises from interference
between the unsymmetrised amplitudes for scattering to 6 and n — 6, which may obscure structure
that arises from refractive effects. Despite these possible limitations, most of what we have learnt
about refraction in the scattering has come from these identical systems.

6.1. The data

In this section we refer to the elastic scattering data for light heavy-ion systems, mostly '2C +
12C, %0 + 12C and 'O + 90, at E/A above 6 MeV, where the observation of refractive effects
in the angular distributions has permitted the (relatively unambiguous) determination of the nuclear
complex potential.
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6.1.1. PC+"C

In 1976, Stokstad and collaborators measured rather complete elastic scattering angular distri-
butions of '2C by '2C at 14 laboratory energies between 71 and 127 MeV (E/A between 6 and
10 MeV) [206, 196]. The measurements extended up to 90° and the data displayed a complex oscil-
latory behaviour with periodic structures of different period at forward angles and those close to 90°.
Even though refractive effects could not be easily identified in the data themselves, the conclusions
of the optical model analysis were definite in the need for deep real potentials. As was shown years
later [144], and will be discussed later here, the techniques of nearside/farside decomposition that
were fully developed in the 1980s were indispensable in unravelling the refractive contributions from
the diffractive contributions in these relatively low-energy data.

This system has continued to be of great interest and so far (until 1996), the elastic scattering
has been measured for angles beyond the diffractive oscillations at laboratory energies of 140 and
159 [121], 240 [18], 289 [50], 300 [17], 360 [42], 1016 MeV [41] (superseding a previous measure-
ment at 1030 MeV [40]), 1450 and 2400 MeV [85]. Fig. 6.1 shows some of the measurements. At
140 and 159MeV, the differential cross sections were measured up to 90°, and it is possible to guess
at the presence of broad Airy maxima (centred at ~50° at 159MeV and at ~62° at 140MeV), in be-
tween the Fraunhofer pattern at forward angles and the oscillations near 90° due to symmetrization.
While the data at 240 and 289MeV did not extend far enough to display the full extent of a nuclear
rainbow, the measurements at 360 MeV show the beginning of the exponential falloff of the nuclear
rainbow, distinctly evident in the angular distribution beyond 0., 225°. As E/A approaches 100MeV
and higher, the rainbow moves forward faster than the Fraunhofer oscillations, and the visual identifi-
cation of its Airy minima in the angular distribution is less clear. Most of the individual optical model
analyses of these data have been performed with phenomenological potentials, to which we refer in
Section 6.4.

6.1.2. 0 +'0

In the 1970s, the elastic scattering excitation function of '°0 + 'O was measured around 90°
at laboratory energies between 70 and 180 MeV, revealing the presence of regularly spaced broad
maxima [83]. The analysis of these data assumed phenomenological optical potentials having shallow
real parts similar to those previously derived from lower energy data [194, 131]; these proved to be
unable to describe the new observations.

All of the 'O + 'O elastic scattering measurements at intermediate energies, near or above
E/A = 10MeV, have been made quite recently either by Bohlen or by Sugiyama, and their colleagues.
Very complete and precise measurements exist at laboratory energies of 124 [120], 145 [200, 120],
250 [101], 350 [198,199], 480 [103] and 704 MeV [12]. These data are a remarkable achievement,
involving cross sections as small as 107> of the Rutherford values. The data below 350MeV extend
up to 90°, displaying the typical Fraunhofer oscillations at forward angles and the symmetrization
interference near 90°, with gross structures in between which one could surmise are due to Airy
maxima and minima. At 350 MeV and above, an Airy minimum followed by its maximum be-
comes evident (in a remarkable way at 43° at 350 MeV; see Fig. 2.3) as the diffractive structure
moves forward like 1//E, while the refractive interference moves forward approximately as 1/E.
The symmetrization oscillations near 90° are left behind.
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The system '°0O + 80 is at present the light heavy-ion system for which the most complete
elastic scattering angular distributions are known. It is the one that has been subjected to the most
numerous and detailed analyses in the last few years and is likely to continue in this role.

6.1.3. %0 +'*C

The data for this system are neither as numerous nor complete as for the identical systems '2C
+ R2C or '0 + '°0. Elastic scattering data have been obtained at 139, 216 and 311 MeV [21],
608 [26] and 1503 MeV [175]. The cases at the lowest three energies were not measured far enough
in angle to establish the presence of refractive minima or maxima. Fig. 6.1 presents the data at the
two highest energies. The results at 608 MeV, that show beyond 18° the structureless falloff which
can be attributed to farside dominance, have been extensively analysed and interpreted, and will be
referred to later. At 1503 MeV, the Airy structures have moved forward in angle to be superimposed
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on the Fraunhofer oscillations; these data have also been the subject of thorough analyses which
will be discussed below.

6.1.4. SLi scattering

The elastic scattering of °Li has been extensively studied with bombarding energies below
50 MeV [47], and at a few higher energies for several targets: 28Si at 135 [58] and 154 MeV [192],
SLi and “°Ca at 156 MeV [147,52] and '*C at 93 MeV [61]. The target '2C is the most consis-
tently studied, at E/4 = 10 [16], 16.5 [193] and 26 [52] MeV. A systematic study [154-156] at
E/A = 35 and 53 MeV of SLi scattered off '2C and !Si (and “°Ca, **Ni, *Zr and 2*Pb at the lower
energy) has been performed recently at the National Superconducting Cyclotron Laboratory at MSU.
These data, which consisted of cross sections extending down to between 1 and 10 ub/sr, showed
the diffractive oscillations to be followed by the exponential falloff of a nuclear rainbow. Thus the
experiment permitted the clear observation of refractive effects in the angular distributions for all
but the 2%®Pb targets and analysis was able to determine the potential depths unambiguously. For the
lightest targets, the “hump” of the first Airy maximum could be seen in the data.

6.1.5. Other light systems

The elastic scattering has been measured at intermediate energies in many light heavy-ion systems
other than the ones already discussed, but in such cases data only exist at a few, sometimes single
energies, and the measurements are rather limited in angle, not reaching into regions where refractive
effects might appear to their full extent.

Elastic scattering of "Li off '2C, *8Ca, *®Ni and 2®Pb has been measured at a few energies between
about 60 and 150 MeV [96,119, 197]. In general, these measurements do not extend to sufficiently
large angles to observe the disappearance of Fraunhofer oscillations and the possible presence of
farside dominance. Recently, the scattering of E/4 = 50 MeV "Li+ '2C and #Si has been measured
with great completeness [157]. The data show very clearly the structureless falloff of the cross section
beyond about 15° and up to 40°; this feature permits the determination of “unique” potentials solving
the discrete ambiguities encountered in previous analyses.

The systems °Be + '2C, 'O have been studied at E/4 ~ 18 MeV [183]. Following the Fraunhofer
oscillations, the angular distributions show a change of slope followed by a featureless flat region up
to the last point that was measured (at about 60°); the description of the data by phenomenological
potentials required “refractive” potentials, i.e. deep real parts accompanied by an imaginary term
much weaker than the real at small radii. The analysis [183] interpreted the feature at 60° as a weak
primary Airy minimum. Since it was strongly damped and scarcely visible, it was referred to as an
Airy “ghost”.

A measurement [18] of *C + '2C at E/4 equal to 20 MeV showed features similar to those of
12C + 2C at the same E/A. A hint of an Airy minimum was observed in the data and the optical
model analysis (phenomenological and folding model using DDM3Y) required potentials similar to
those obtained in the systematic study of '*C + >C.

A beam of "“N at E/4 = 20 MeV was used to study the scattering off '?C [31]. As in other
cases in this energy range, the data displayed the transition between Fraunhofer oscillations and
a structureless angular region at larger angles. The results of the optical model analysis were not
conclusive, allowing descriptions with either weakly or strongly absorbing potentials.

All systems mentioned so far in Section 6 display in their angular distributions refractive features
which range from dominance of farside scattering up to clear signatures of a nuclear rainbow.
The main difference among the potentials describing them is the magnitude of the absorption in
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the internal region, but, without exception, all these systems allow an interpretation in terms of
a weakly absorbing nuclear potential. The system '2C + ?°Ne is the lightest system for which data
exist at intermediate energies (one set of elastic scattering measurements at E/4 = 20MeV [19]) and
where a description in terms of a weakly absorbing potential has not been possible. Even though
the general appearance of the data is similar to that often described in this section (i.e. Fraunhofer
oscillations followed by a rather flat cross section beyond), the original analysis and later attempts
to describe the measurements with a weakly absorbing potential have failed.

At E/4 = 94 MeV, Roussel et al. [175-177] measured the '®O elastic scattering on a variety of
targets ranging from '2C, to which we have referred already, up to 2®Pb. The 'O + '2C and %Si
scattering were clearly dominated by farside contributions but a phenomenological potential could
only be well determined for the lightest target. The measurements for *°Ca, *°Zr and 2°*Pb were
mostly sensitive to the potential in regions about 1-2 fm inside the strong absorption radii.

6.2. Optical model analyses

Elastic scattering angular distribution data are analysed by comparing them to optical model cal-
culations performed using a computer program (PTOLEMY [132] and ECIS [170] are the most
commonly used ones for heavy-ion systems). The nuclear complex potential is entered into the code
as an input, either point by point or through the parameters of a standard analytical expression. If
the analysis assumes a microscopic real part, i.e. it is a folding model analysis, the calculated values
of V(r) at certain radii are entered, and the code searches on the value of the overall normalization,
N, in order to optimize the fit to the data. For the imaginary part, the folding model analyses usu-
ally assume a parameterized form, either with the Woods—Saxon (WS) shape raised to some power
n (most often n = 1), (WS)", the surface-peaked derivative of the WS form factor (WSD), or a
combination of them; the optical model code searches to find the parameter values which optimize
the agreement with the data. If the analysis is phenomenological, the real and the imaginary part are
assumed to have WS, (WS)” or WSD shapes, or some combination, and all the potential parameters
can be searched on. Generally, the goodness of fit is quantified via the y*> expression,

N, (Uﬂl - O'ex)
N, ; (Ao )?

where oy, 0., and Ag,, are the theoretical cross sections, experimental cross sections, and uncer-
tainties in the experimental cross sections, respectively. N, is the total number of angles at which
measurements were made. (Note that N, is not the number of degrees of freedom Ny, where Ny =
N; — N, and N, is the number of parameters varied. N; and N, may differ significantly when the
number of parameters becomes large, as for example when using “model independent” potentials
defined in terms of splines or Fourier-Bessel series.)

6.1)

6.3. Applications of the folding model

The 1979 review by Satchler and Love [181] presented the successful application of real potentials
calculated via double folding techniques, supplemented by WS imaginary potentials, to “typical”
heavy-ion data available up to that date. The effective interaction used was the M3Y of Eq. (5.13),
based on a G-matrix constructed from the Reid potential, together with the zero-range pseudo-
potential (5.17) to account for the knock-on exchange.
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6.3.1. *C +"2C scattering

An earlier analysis of 2C + '2C [206, 196] at E/4 between 6 and 10MeV had used an essentially
equivalent interaction. The resulting folded potential had a depth of about 450 MeV at the centre.
The data could be described remarkably well. The required potential renormalizations N were close
to unity and only weakly dependent upon the energy. The main conclusion drawn from this analysis
was the need for real potentials that were much deeper, at regions near 4-6 fm, than the shallow
potentials originally assumed from the fits made to data at much lower energies. The scattering at
large angles (up to 90°) was shown to be sensitive to a notch in the real potential centred at radii
as small as ~2 fm, suggesting that the data contained some information about the potential even at
such a small internuclear separation. However, an independent work [174] showed that, in spite of
the sensitivity to the deeper regions of the potential, discrete ambiguities in the determination of the
real part still remained.

An early global analysis [23] of data at the higher energies of 161, 289 [50] and 1030 MeV [40]
used an energy-independent microscopic real potential, 380 MeV deep at the centre and calculated
with the same effective interaction as in [196]. This work suggested the presence of nuclear rainbow
scattering in the '?C + '2C system. The claim was based on the overall characteristics of the three
sets of data which, when plotted as a function of the parameter ¢ = 0.y E.y,, showed the structureless
falloff that follows a nuclear rainbow at an approximately constant value of ¢. This unification of
the refractive effects in an angular distribution, valid for a given potential, had been predicted by
Knoll and Schaeffer [107]. The renormalization constant N needed to fit the data was found to be
energy-dependent, decreasing from about unity at 10MeV per nucleon to about 0.5 at E/4 = 85MeV.
The imaginary potential required was found to be weaker than the real one over most of the radial
region, a condition that appears to be necessary for the manifestation of refractive scattering. More
complete data, however, were needed to definitively establish the presence of this refractive effect.

Even though the analysis in [23] reported sensitivity of the data to the potentials in regions
appreciably inside the strong absorption radius, and the need for a very attractive real part which
located the rainbow angle in approximately the region where the angular distribution started to fall
exponentially, the imaginary term was, in general, about 50 MeV at the centre, probably too strong
to permit the observation of the Airy interference essential for the identification of a rainbow. In
other words, the data did not necessarily show the clear signs of an Airy minimum, but only the
dominance of the farside component in the scattering amplitude. This fact was stressed by McVoy
and Satchler [143], who showed that the mechanism producing the exponential falloff in the optical
model analyses was the absorption combined with sufficient attraction in the nuclear surface, and not
necessarily the dark side of a rainbow. The 240 MeV data measured by Bohlen et al. [18] displayed,
for the first time in '2C + '2C above 10 MeV/nucleon, a hint of the rise that follows an Airy
minimum. The analysis [18], with phenomenological potentials, required relatively weak absorption,
W =~ 22 MeV at the centre.

6.3.2. Folding with density-dependent interactions

The need for a density dependence in the effective interactions used in folding techniques for
heavy-ion potentials at energies close to E/4 = 10 MeV had been anticipated by Love [130]; over-
estimations of 32% in the magnitude of the ?C + '2C potential at the strong absorption radius and
76% at r ~ 0 could arise if the density-dependence was ignored. Analyses of elastic and inelastic -
particle scattering had been made using a density-dependent form of the M3Y interaction [109, 110].
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These showed the need for weakening V() in the interior for alpha energies above about 100 MeV,
where the observations of a nuclear rainbow imposed severe constraints on the internal values of
the real potential (see Fig. 5.2). This density-dependent interaction was the DDM3Y of Eq. (5.23),
a generalization of the M3Y to have an explicit dependence on the nuclear density that was nor-
malized to the G-matrix calculations of [95] (see Section 5.6.1). The effect of this requirement is to
weaken the interaction as the density increases, and results in folded potentials which are less deep
near the centre, where the two nuclei overlap strongly, than those calculated from the M3Y force.
The applications to a-particle scattering consistently required renormalization factors of N ~ 1.3.
Folding model analyses using DDM3Y were first applied to a variety of heavy-ion data [64]; the
renormalization factors that emerged in that case tended to be Jess rather than greater than unity.

A thorough analysis, using DDM3Y folded potentials, of the recently measured ?C + '2C, 'O
+ 12C and C + "C at energies above E/A ~ 10 MeV soon followed [28]. The data thus analysed
comprised 13 sets at £/4 between 9 and 120MeV. The imaginary parts of the potential were assumed
to have the Woods—Saxon shape (with » = 1). Reasonably good fits were obtained at all energies
with renormalizations N close to unity, ranging between 0.83 and 1.27, and averaging 1.0 £+ 0.1.
The value of the real potential at the centre varied from about 250 MeV at E/4 ~ 10 MeV down
to about 100 MeV at E/4 =~ 100 MeV. Thus, the variation by more than a factor of two in this
energy range could be accounted for by the intrinsic energy-dependence of DDM3Y that arose from
its normalization to the G-matrix of [95]. This is in contrast to the original, bare M3Y interaction
that contains very little energy-dependence. The imaginary parts were more weakly absorptive than
had been found in the previous work with M3Y [23], having central depths between about 25 MeV
(at E/4 =~ 10MeV) and about 15MeV (at E/4 ~ 100 MeV). The reduced imaginary radius could be
held at a fixed value of 7, =1.13 fm at all energies except E/4 = 120MeV (where it was 1.21 fm),
without deterioration in the quality of the fit.

A global microscopic analysis using the same DDMB3Y interaction applied to '>C + '2C data
which included the angular distributions measured by Stokstad at lower energies, did extend these
results down to E/4 ~6MeV [30]. The renormalization N required for the folded real potential was
about 1.1 below E/4=10MeV, slowly decreasing to about 1.0 at £/4 =120MeV. The parameters
describing the WS imaginary part displayed a smooth energy dependence. Solid symbols in Fig. 6.2
show the values of the real renormalization parameter N for energies E/4 up to 24 MeV. The values
represented by the empty symbols are explained in Section 7.2.

The *O+'0 data at 350 MeV have also been analysed using DDM3Y real folded potentials [33].
The fits were very successful, and required a value of N equal to 1.08; it appears that the imaginary
part for this system must include a Woods—Saxon derivative term which peaks near the surface, in
addition to the volume term, in order to optimize the fits, whenever a monotonic real part (such as
the DDM3Y potential) is used.

In spite of the apparent success of the potentials calculated with the DDM3Y effective interaction
in the description of data for a-particle scattering (except for the need for N = 1.3), and for 2C+'2C,
%0 + 80, and 'O + !2C, both over a wide energy range, the question of the appropriateness of
this interaction as an approximation to the NN interaction in the nuclear medium has been pursued
further by Khoa and his collaborators [100-103]. They use the same M3Y form, (5.13) or (5.14),
but explored the use of a more realistic power-law density-dependence (that in Eq. (5.25)), instead
of the exponential dependence (5.20) used in the original DDM3Y model. In addition, they employ
a better approximation to the knock-on exchange term that takes account of the finite range of the
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interaction: see Section 5.6.2. The parameters C and o of the power-law density-dependence (5.5)
were tuned to reproduce the saturation density and binding energy of normal nuclear matter for
each value of the power f [100,101]. These were called the BDM3Yn interactions, with n=0-3
denoting the power of beta used. In addition, the C, « and § of the exponential form (5.20) were also
modified to satisfy the saturation conditions (which the original DDM3Y does not). This was called
the DDM3Y1 interaction. These parameter values were not allowed to vary with energy (contrary
to the original DDM3Y: see Fig. 5.4).

These new interactions were applied to describe '*C + 2C, 'O + '?C, and '®O + '*O data at
E/A above 10MeV [100,101]. All the folding model potentials thus obtained give good agreement
with the data at forward angles, which correspond to scattering trajectories that only experience the
surface of the potential. This is illustrated by the lower part of Fig. 6.3, which shows the scattering
for two of the '2C +'2C energies. However, differences appear at the larger angles fed by trajectories
which experience the inner parts of the potential. These differences allow us to select the most
appropriate among the interactions. This is important, since each corresponds to a different value of
the incompressibility of nuclear matter, and provides evidence of the value of this quantity. . The
two studies [100, 101} strongly favoured the DDM3Y1 or BDM3Y1 interactions, implying a fairly
soft equation of state for nuclear matter.

The renormalization factors N needed for the DDM3Y1 and BDM3Y1 interactions were found
to be energy-independent, averaging 0.92 £ 0.05, and 0.93 &+ 0.05, respectively, for the 12 data sets
analysed. The optimum imaginary potentials have features similar to those found in previous folding
model or phenomenological analyses.

Later, the “generalized” folding model of Khoa was applied to study the scattering of '°O + O
at four energies, 145,250,350 and 480 MeV, using the Paris version (5.16) of the interaction [103].
Fig. 6.4 shows the different potentials at a single energy. The potentials agree in the surface region
and, as was the case with the Reid version, they differ for the largest values of the density, i.e. for
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Fig. 6.3. Fits to "*C + '2C elastic scattering data (lower part) given by folding model real parts (upper part) calculated
with different density-dependent effective interactions (from [101]).

the smallest internuclear distances. Fig. 6.5 shows the fits to the '*0+'°0 data: again, the interactions
DDM3Y1 and BDM3Y]1 are the preferred ones. The renormalization N needed appears to be slightly
energy-dependent, going from 0.90 (0.93) at £/4=8MeV to 0.82 (0.83) at 30 MeV/nucleon, for
interaction DDM3Y1 (BDM3Y1). This effect might be due to the opening of inelastic channels as
the energy increases [103].

Finally, we should note that the application of these interactions to the scattering of a-particles
gave similar results; the rainbow data at large scattering angles established the DDM3Y1 or BDM3Y]1
interactions as the physically correct ones [102], but still the a-particle data required renormalization
factors NV a little larger than unity.

6.3.3. Folding model for the scattering of ®Li
A distinguishing feature of the analyses of SLi elastic scattering at the lower energies was the
“failure” of the folding model, meaning that the attractive, real folded potential obtained using the
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Fig. 6.5. Data and fits to '®0 + '°0 elastic scattering measurements at various energies. The optimum fits are those given
by the DDM3Y1 and BDM3Y1 real parts. The varaible ¢ is the linear momentum transfer (from [103]).

M3Y interaction (5.13) and (5.17) was too strong and needed to be renormalized by factors typically
of N~ 0.6. This was ascribed to the effects of break-up, as discussed in Section 5.8. However, when
the more definitive data became available for °Li + '2C and %Si at E/4 =35 and 53 MeV, which
allowed a less ambiguous determination of the potential family, it was claimed [156] that they were
consistent with the M3Y interaction without the considerable renormalization found necessary at
lower energies. This result was somewhat surprising because estimates of the break-up effects [185]
had indicated that they should still be sizable at these energies.

Upon reanalysis of the '2C data [189], two factors were found to account for the conclusions of
[156]. One was that the optimum fit to the data (the one to give the lowest x*) does require a
significant renormalization. The other was that a prescription [78,53] was used for the strength of
the knock-on exchange term in (5.7) that differs appreciably from that of (5.17). The latter has been
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regarded as part of the conventional “M3Y model”. When the conventional term (5.17) is used, the
2C data at both these energies required a renormalization of the folded potential by N~ 0.7 to obtain
the minimum »?. Furthermore, a much weaker energy-dependence is predicted for the potential than
was deduced in [156].

Later, any argument about which prescription for the strength of the knock-on term was more
correct was avoided by using two versions (the DDM3Y1 and the BDM3Y1 based upon the Reid
nucleon—nucleon force) of the density-dependent interaction of Khoa, described in Section 5.6.2.
This includes an explicit treatment of the knock-on exchange which does not make any zero-range
approximation.

These two more realistic interactions gave almost indistinguishable fits to the °Li + '?C data at
E/A =135 and 53 MeV, with renormalization factors a little closer to unity, but with larger x* values
than obtained with the original, but renormalized, M3Y interaction. Similar increases in y*> were
found for other SLi + ?C data sets at the lower energies of E/4 =10,16.5 and 26 MeV. This was
taken to indicate that simply renormalizing the folded potential was not adequate to compensate for
the polarization potential due to break-up (Section 5.8); some shape changes had to be taken into
account.

To do this, a correction term AV (r) was added to the folded (DDM3Y1 or BDM3Y1) real
potential. This AV (r) was defined by its values at certain radial knots in the region 1 <r<8fm,
with a cubic spline interpolation between the knots. The values at the knots, together with the
imaginary potential parameters, were then adjusted to optimize the fit. The renormalization factor
N for the folded potential was kept fixed at unity. Large reductions in y*> were obtained in this
way at all the energies considered, compared to the use of the renormalized “bare” folded potential.
Furthermore, the resulting AV (r) potentials had the characteristic expected for the real polarization
potentials due to break-up [185], namely they are repulsive in the surface region, with radii around
4-5fm, and small elsewhere. Two examples are shown in Fig. 6.6. The largest effects were found
at E/A =16.5MeV, where the total real potential in the surface was reduced by about 40%. At
E/A=35 and 53 MeV, the reduction was about 13%. Thus the result in this surface region is to
reduce the strength of the total real potential by the same amount as was found necessary when
simply renormalizing the “bare” folded potentials (as in Fig. 5.9), but at the same time leaving the
strength unchanged at smaller radii. It is in this way that greatly improved fits to the data were
obtained.

By successfully explaining a case which at first seemed anomalous, these studies further reinforce
the conclusion that the density-dependent DDM3Y1 or BDM3Y1 interactions are promising candi-
dates for use in folding models, including their treatment of the knock-on exchange contributions.

6.4. Phenomenological potentials

Phenomenological analyses of the data that concern us were attempted almost simultaneously
with the folding model descriptions. One has to remember that the seminal studies of a-particle
scattering which gave rise to the concept of refractive effects in nuclear elastic scattering were done
using phenomenological potentials. Goldberg, in the 1970s, discovered that, if the exponential falloff
following the nuclear rainbow was present in the data, the potential could be determined without the
cumbersome discrete ambiguities that had plagued analyses of data which did not display the full
rainbow structure {75]. These studies were usually made with WS (n=1) type potentials, although
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Fig. 6.6. Examples of potentials (solid curves) which fit °Li + '°C scattering, each of which consists of a folded potential
generated from the DDM3Y1 interaction (dashed curves) plus a spline correction term. Also shown (dot-dashed curves)

are the folded potentials alone, renormalized by the factor Np to optimize the fit to the data (from [104]).

Table 2
Optical model parameters® for °Li scattering

Target Ewp W Ry ay Wo Ry aw Jy Jw Ref.

(MeV)  (MeV)  (fm) (fm) (MeV)  (fm) (fm) (MeVfin®)  (MeV fin®)

2c 210 1135 2988  0.793 342 3851 0784 298 160 [155]
Bgi 210 125.2 3.945 0836 314 5171 0822 276 135 [155]
OCyg 210 1452 4313 0868 311 5797  0.811 284 130 [155]
SENi 210 174.5 4397 0907 320 6220 0.806 253 108 [155]
7, 210 170.0 5297 0939 313 7291  0.810 257 105 [155]
28py 210 224.0 6.541 1.901 351 9.640  0.824 258 92 {155]
2c 318 126.9 2601  0.897 293 3.881 0878 285 150 [156]
ABsi 318 117.6 3.923  0.874 406 4843 0772 264 141 [156]

*Woods—Saxon potentials, defined by U(r)= — Vo f (xv )R —iWy f(xw )" +idapWp d f (xp)/dx, where f(x)=(exp(x)+1)"~ 5
and x;=(r — R;)/a;. For this Table, g =v;=1.

the shape of a folded potential is closer to a WS with n=2. Indeed, Goldberg pointed out [77] that
potentials with a WS? shape gave slightly better fits to the a-particle data.

The analyses of °Li scattering by light targets at energies below ~100MeV resulted in many real
potential families, with depths discretely different from each other by certain amounts [51]. However,
at E/A =35 and 53 MeV the nuclear rainbow falloff was clearly observed and “unique” potentials free
from these discrete ambiguities could be determined [154-156]. The Li + '2C, #Si data, analysed
with potentials of Woods—Saxon form (no need for a Woods—Saxon-derivative imaginary term was
found), required strongly attractive real parts (V= 110 — 130 MeV) and a relatively weak imaginary
term (W~ 30-40 MeV). Table 2 includes potential parameters for °Li scattering. The extrapolation
of these potentials towards lower energies, assuming a logarithmic energy dependence for the real
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Table 3

Optical model parameters for 12¢C and %0 scattering

Eiab w v W Ry ay Wo Rw  aw Wp Rp ap Jy Jw Ref.

(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV fm’) (MeVfm®)

lZC + 12C

79 1 1 312 266 0852 9.17 641 0324 0. 342 723 301

1021 1 1 284 275 0903 142 549 0590 0. 351 76.2 [30}
1216 1 1t 287 261 0970 17.0 549 0.601 0. 351 91.5 [30]
1395 1 1 250 2.86 0900 173 560 0485 0. 337 95.1 [27]
1588 1 1 200 322 0.870 25.0 508 0717 0. 334 114 [27]
2400 1 1L 175 331 0.839 270 517 0.650 O. 302 125 [27]
2886 1 1 175 307 0955 220 533 0.663 0. 288 111 [27]
3600 1 1 175 2.87 0.894 250 487 0.645 0. 235 98.4 [27]
1016 1 1 120 3.01 0.879 250 441 0862 0. 175 86.0 [27]

160_+_ lZC
1392 1 1 275 345 0.747 150 623 0436 0. 360 82.8 271
2158 1 1 175 378 0849 250 558 0601 O. 308 104 27
3114 1 1 175 382 0.846 250 569 0.643 0. 317 113 27
608 1 1 175 315 0975 247 521 0.662 0. 232 88.5 [27]
1503 1 1 80 424 0.763 23.1 507 0825 0. 175 82.7 [27]

160 + 160
124 2 2 413 397 153 160 6.86 0970 0. 337 62.9 [120]
145 2 2 414 395 149 168 6.80 0.883 0. 329 65.2 [120]
350 2 2 400 380 160 29.7 627 1.02 7.63 462 0321 298 98.2 [33]
480 2 2 401 417 125 512 543 131 9.0¢ 517 062 250 120 [12]
704 2 2 269 441 135 536 550 070 2.1° 634 0.68 280 140 [12]

*The surface absorption is assumed to have the shape of the derivative of a (WS)” form.

part, was suggested as a possible way of selecting among the many solutions that had been found in
previous individual analyses. However, a subsequent analysis of the scattering from '>C at these and
lower energies [104] has indicated a different, much weaker, energy dependence below E/4 =25MeV
(see Section 6.3.3).

The analysis of the "Li + *C and !Si measurements at E/4 = 50 MeV [157] determined Woods—
Saxon potentials which are included in Table 2. They are similar to those for the scattering of °Li
at E/4=53MeV on the same targets. The volume integrals per interacting pair for the two isotopes
differ by less than 3% at these two energies.

The [27] global analysis of the then available *>C + >C and '®O + '2C elastic scattering data
for 10<E/A<100MeV assumed WS form factors for both the real and imaginary parts of the
potentials. This study concluded that, in order to obtain a consistent description of all the data with
a potential whose real and imaginary parts were smooth functions of the energy, the imaginary part
had to be weakly absorptive. The values of the central absorption ranged between 15 and 27 MeV.
The central part was strongly attractive, with 80 < ¥, <275MeV. The potential parameters from [27]
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can be found in Table 3 and the results of the calculations are shown by the curves in Fig. 6.1.
It must be pointed out that in [27] the data at 139.5,158.8,608 and 1503 MeV were fitted first,
thus determining their optimum potential parameters, and the parameters for the other energies were
interpolated from these. The most severe constraints on the determination of the potentials in this
study came from fitting the 140 and 159 MeV data, whose complicated angular distributions, which
contain both Fraunhofer and symmetrization interferences superimposed on broad Airy maxima and
minima, could only be reproduced with potentials of the type already described.

The '°0 + '®0O data have been analysed phenomenologically by many authors, in many ways.
In general, for the best fits, this system requires an imaginary part composed of a volume plus a
surface term, while the real part has been assumed to have either a WS or a WS? form factor. Table
3 contains some of the potential parameters reported. These potentials share the main features already
determined for similar light heavy-ion systems, that is a strong real part and a weak absorption. In
Table 3 we have selected those potentials that correspond to the so-called family A in [117] and
type IV in [200, 120]. As discussed in [101], this is the phenomenological potential family that most
closely agrees with the latest microscopic calculations, considering their volume integrals as well as
their evolution as a function of incident energy. A discussion about the possible discrete ambiguities
for this system can be found in Section 7.2.

6.5. Volume integrals

It has been known since many years ago that the volume integral of the nuclear potential may be
much better determined by the data than the potential itself [182]. Even in cases of extreme sensitiv-
ity of the scattering to the potential, a small readjustment of the various parameters is possible, while
keeping the integral a constant. This fact has been of particular relevance to the study of the inter-
action of light heavy-ions. The relatively weak absorption in these systems permits some sensitivity
to the potential interior and therefore the volume integral obtained from fits to the scattering data
contains some information from this region. As will be presented in detail in Section 7.2, the role
that the volume integral plays as the representative of a given family of potentials has allowed the
unambiguous results obtained at high energies, from measurements where the nuclear rainbow falloff
and/or the Airy extrema are clearly visible, to be extrapolated towards the lower-energy regime.
Alternatively, volume integrals suggested by molecular resonances at low energies have been used
to help in selecting among possible potential families at higher energies. In the case of '°0 + '°0,
where both approaches have been used, the results have been internally consistent, as well as in
agreement with the systematics observed in similar systems.

The (complex) volume integral of Ug(r) per interacting nucleon pair, Jy(E), is defined as

4n

JU(E)= _AA
piit

/ Up(r)r* dr =Jy(E) + iJw(E), (6.2)

where 4,,4, are the mass numbers of the projectile and target nuclei, respectively. The minus sign
is introduced in the definition (6.2) so that J is positive for attractive (negative) potentials Ug.
The value of the integral has been normalized by dividing by 4,4,, the number of interacting pairs
of projectile and target nucleons (compare with Eq. (5.3)). Then one would expect the real parts
Jy for different systems to be similar if the folding model is valid. The density-dependence of
the underlying nucleon-nucleon interaction would then have the consequence that J, would slowly
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become smaller as the ions became heavier (larger) and the weakening of the interior potential began
to have relatively more effect on the integral.

At first sight, there is no obvious reason why the imaginary part J; should show a corresponding
independence of the system, except perhaps at high energy where the impulse approximation or
Glauber theory begins to have some validity. Then the imaginary part of the potential could also be
regarded as the expectation value of a sum of nucleon—nucleon terms [59, 163].

Fig. 6.7 shows the values of J, and Jy for a variety of potentials that fit the '2C + '2C, 0 + 2C,
and '%0 + %0 data discussed earlier in this chapter. Included in the figure are values from the
phenomenological potentials in Table 3, from microscopic analyses using the DDM3Y effective in-
teraction, and from recent analyses using Khoa’s extended folding model formalism. As can be
observed, in the first place, for a given system and energy, the different real potentials all have
similar volume integrals per nucleon pair, in some cases being indistinguishable from each other.
Secondly, the imaginary potential, which differs in parameterization from one study to the other
(WS, WS2, WSD or their combinations), seems to have its integral J; even more accurately de-
termined by the data than J,. Thirdly, for a given E/4 there is no substantial difference in J, or
Jw between the three systems, except for Jy being ~20% smaller for '*O + 'O than '2C + 2C or
160 + 12C. The relatively weak absorption in 'O+ 'O is probably associated with the doubly closed
shell structure of the participating nuclei which reduces the number of open channels available [15].
This manifests itself in the exceptional displays of refractive effects in the elastic scattering for this
system.

Phenomenological [154,156] analyses of ®Li + '2C have resulted in values for J, (~300 and
~285MeV fm’ at E/4 =35 and 53, respectively) that are slightly larger than those for '>C projectiles
at the same E/A. The Jy~160 and ~150MeV fm® for °Li projectiles at £/4 =35 and 53 MeV are
significantly larger than those for '2C or 0O . We surmise that this reflects the effect of the breakup
channels for reactions induced by °Li projectiles. Folding model analyses [104] gave similar results,
although the J, values were a few percent smaller. These were based upon the DDM3Y1 and
BDM3Y1 interactions (with N =1), with a supplementary real spline term to represent the effects
of coupling to the breakup channels (see Section 6.3.3).

The solid lines in Fig. 6.7 correspond to the application of the dispersion relations (Section 4.5) to
the '2C+"2C volume integrals. The Ji curve is a linear segment parameterization of the experimental
values and the J, curve is the predicted behaviour from expression (4.19). The agreement of the
predictions with the values obtained from the optical model analyses is very good, and the conclusion
can be drawn that the energy-dependence due to the underlying nonlocality in the potential is weak,
since most of the observed energy dependence can be accounted for by the dispersion relation.
Qualitatively, the energy-dependences of J, and Jy observed in Fig. 6.7 are similar to the well
known “threshold anomalies” at low energies for heavier systems which are caused by the rapid
changes in the absorption as the inelastic channels open up near the Coulomb barrier. The Coulomb
barrier is weak and ineffective for a light system like 2C + !2C, but at these energies which are
well above the barrier, the evolution of the kinematic matching conditions affects the absorption into
nonelastic channels, causing an increase, followed by a levelling off, and finally a weakening of the
strength of W as the energy increases. This in turn produces the observed changes in the real part,
as required by the dispersion relation.

Fig. 6.8 compares the real and imaginary volume integrals for the system '2C + '2C with curves
that represent J, and Jy for protons and a-particles scattered off light targets. The proton Jy curve
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Fig. 6.7. Summary of real and imaginary volume integrals per interacting ion pair as a function of projectile energy per
nucleon for three systems. The plotted values are results of various phenomenological and folding model analyses. The
curves are dispersion relation predictions for '°C + '2C (from [36]).

is a linear parameterization of optical model results for scattering off 2C [159], while the Ji curve
represents an average behaviour for the same target [82]. The o-particle real and imaginary volume
integrals come from global analyses of scattering by '®O [148, 2]. Studies of a-particles scattered by
many targets suggest that J, should be similar for '2C and '®O, while J; may be about 40% larger
for C than for 'O [1]. The overall energy dependence of the real volume integrals is similar for
all the represented systems, but there is a systematic decrease in J, as the mass of the projectile
increases up to 2C. This is the behaviour anticipated above, arising from the density-dependence of
the effective nucleon—nucleon interaction. It also agrees qualitatively with a phenomenological study
of volume integrals for light ions [81].

On the other hand, the value of Ji; = 100 MeV fin’ reached by the light heavy-ions at intermediate
energies is quite similar to those found for proton and a-particle scattering. This might indicate that
the impulse approximation or Glauber view is becoming increasingly valid at these energies, so that
the scattering can be regarded as a sum of individual nucleon—nucleon collisions. However, as [37]
have discussed, the potential assumptions contained in the optical limit of the Glauber approximation
strongly overestimate the degree of absorption in the nuclear interior and are in conflict with the
systematic evidence obtained from the elastic scattering data (see Section 8). Then, the apparent
success of the Glauber view both in the interpretation of imaginary volume integrals as well as
in the total reaction cross section predictions to be presented in the following section, may be an
indication of the insensitivity of these two calculations to the details of the imaginary potential in
the internal region.
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The remarkably smooth behaviour of the volume integrals for light heavy-ions over a range of
more than a factor of 10 in energy is one of the stronger arguments in favour of the description of
this vast amount of data in terms of weakly absorptive and deeply attractive potentials that furnish a
description of the angular distribution structures as the interplay of diffractive and refractive effects.
Concerning the results for folded potentials included in Fig. 6.7, it must be recalled that these
analyses have all required renormalizations of about unity, thus also implying that the density- and
energy-dependence built into the effective interactions (DDM3Y, or the more recent DDM3Y1 and
BDM3Y1) agree well with the energy dependence required by the data.

The results for J, and Jy that have just been described indicate, on one hand, that real poten-
tials calculated from a folding model, using a properly determined density- and energy-dependent
interaction, reproduce remarkably well the main features of the scattering for these light heavy-ion
systems, and on the other, that the imaginary potential does reflect somewhat the structure of the
participating nuclei, requiring therefore a more elaborate microscopic description.

6.6. Total reaction cross sections

Studies of the total reaction cross section, oy, for heavy-ions has been an active field in the period
covered by this review. Direct measurements were performed on a variety of systems [164, 111-113]
over wide energy intervals, and in addition “experimental” values have been inferred from the phase
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Fig. 6.9. Summary of total reaction cross section data for '2C + '2C. The solid curves are microscopic calculations using
deep (upper) and shallow (lower) real nuclear potentials (from [186]).

shifts obtained from optical model analyses of elastic scattering data [21, 50,24, 186]. All this interest
was triggered largely by the work of DeVries and collaborators [59, 163] who predicted, based on a
few observations at very high energies, a rapid energy dependence of or which was a reflection of
the energy dependence in the individual nucleon—nucleon interactions. The measurements confirmed
the predicted decrease of oy to less than the geometrical limit for £/4 above some tens of MeV,
reaching a minimum near 300 MeV, as Fig. 6.9 shows for '2C + 12C.

DeVries’ original calculations were based on the optical limit of the Glauber approximation,
assuming straight-line trajectories for the colliding nuclei. The effect of the nuclear potential was
studied [22] and it was found that the effects of a deep real potential (similar to those resulting from
folding model calculations) could be observed in the behaviour of gr at E/4~10MeV. The two
solid curves in Fig. 6.9 correspond to potentials with shallow and deep real parts; the best agreement
with the experimental values is obtained with the deep potential assumption [186].

The value of oy can be calculated from the transmission coefficients 7; corresponding to the /-wave
elastic scattering matrix elements S,

or=n2Y. 21+ DT, (6.3)
)
where
T=1-|5], (6.4)

and where A is the reduced wavelength. This expression is only weakly sensitive to the details of the
real part of the optical potential. As (6.3) indicates, it is dominated by the behaviour of 7; with /.
The (2/+ 1) weighting means it is most sensitive to the peripheral partial waves, where T; falls from
~1 to 0. In turn, these are especially sensitive to the diffuseness of the imaginary potential, as has
indeed been observed [21,185]. As an indication of the variation in oy for different optical model
potentials we find, for example, that for the '?C + 12C elastic scattering data at Eyy, = 126.7MeV,
one obtains values ranging from 1330 to 1460 mb, a variation of 10%, depending on the potential
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chosen. As observed in Fig. 6.9, the optical model analyses give results consistent with the direct
measurements as well as the predictions from nucleon—nucleon cross sections [59,163].

7. Potential ambiguities
7.1. Continuous ambiguity

The continuous, or Igo, ambiguity [91] for heavy-ion optical potentials refers to the possibility of
describing a given set of elastic scattering data with any of an infinite number of potentials which
have in common the same exponential tail in the large-r region. The origin of the ambiguity is, of
course, the strong absorption that eliminates all sensitivity to the inner parts of the potential [182].

The cases that interest us in this work, are precisely those where the absorption is relatively weak
in the interior region. Sensitivity tests have reported sensitivity to small radii well inside the point
where a Woods—Saxon potential becomes exponential, and therefore no Igo-type ambiguity can be
expected. Fig. 7.1 shows an example of real potentials that reproduce well, albeit with differing
degrees of goodness, high energy '®0+'2C data [114]. The WS curve is the optimum Woods-Saxon
potential, while FOLD + AV is the result of adding to a DDM3Y folding-model calculation the
sum of two WS derivatives, one attractive (centred near » ~4fm) and one repulsive (near 1fm),
so that the total potential has a nonmonotonic behaviour. The imaginary parts of these potentials
were weak, about 20 MeV at the centre. The quality of the fits obtained with these two potentials
were good, with y? approximately unity. The agreement between these optimum potentials in the
region >3 fm suggests, as was independently proven by a notch test, that the sensitivity extends
inside the point ( ~4 fm) where the potentials become purely exponential; therefore, no continuous
ambiguity is expected, and indeed none was found. This example is representative of the degree of
sensitivity encountered in similar light heavy-ion systems at other intermediate energies.

As will be discussed below, certain sets of measurements can be described in terms of a strongly
absorbing potential, as well as by ones which are weakly absorbing. The former potentials do present
an Igo-type ambiguity, as was encountered in the original analysis of '°0 + 12C at 608 MeV.

7.2. Discrete ambiguity in the real part

Discrete ambiguities in the determination of the nuclear potential have been known for light ions
since the 1960s [62], and were soon found for the first experimental studies of light heavy-ion elastic
scattering. The measurements, on the identical-particle systems '2C + '2C and '°O + '°0, consisted
of cross sections taken at a few selected angles and energies between the Coulomb barrier (about
10MeV) and 60MeV in the laboratory. The optical model analyses of these data, made using
Woods—-Saxon potentials [131,173], showed a variety of ambiguities in the determination of the
nuclear potential, in particular the existence of a large number of discrete families of real potentials
which fitted equally well the angular distributions and the excitation functions. For simplicity, the
one chosen to illustrate the main features of the scattering was the weakest family of potentials,
which for '%0 + 'O had a real part only 17MeV deep. This choice required no energy-dependence
in the potential strength. From then on, such shallow potentials were frequently used in analyses of
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folded potential based upon the original DDM3Y interaction and renormalized by the factor N =0.99. The solid curve shows
the unrenormalized folded potential plus an optimum spline correction term. The dotted curve indicates a Woods—Saxon
potential (from [114]).

heavy-ion scattering measurements, until data at higher energies became available which showed the
inadequacy of such a weak attraction at small radii.

The discrete ambiguities in the real potential encountered in the analysis of a-nucleus scattering
were resolved by the observation of nuclear rainbows, whose structureless falloff determined uniquely
the appropriate potential family [75]. Fig. 7.2 shows an example given by Goldberg to illustrate the
power of the refractive effect. The data up to 60° could be described by a number of Woods-
Saxon potentials with discretely different real parts. For example, the first one had V'~115MeV,
and the second had V'~180MeV. For the 115MeV potential, the nuclear rainbow was located at
about 60°, and the first Airy minimum forward of the rainbow was located at about 30°. (This may
not be obvious to the untrained eye; the nearside/farside decompositions discussed in Section 10.1
permit one to disentangle the Airy structures of the farside amplitude from the diffractive near/far
interference.) The optical interpretation of the scattering by the 180 MeV potential is different, since
its nuclear rainbow is near 140°, the first Airy minimum appears at 60° and the second Airy minimum
is at 30°. Generally, in the presence of a discrete ambiguity, the observed refraction minima will
correspond to different orders of Airy minima, as one changes from one potential to the next. In
the case shown by Fig. 7.2 the observation of the exponential falloff of the nuclear rainbow well
beyond 60° allowed the unique selection of the 115 MeV potential as the appropriate one. This
entails the measurement of very small cross sections at energies sufficiently high for the refractive
falloff to appear at angles smaller than 180°. (This becomes 90° for identical systems; for example,
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Fig. 7.2. Comparison of cross sections for elastic scattering of a-particles from **Ni. The arrows indicate the maximum
deflection angles calculated using the 75 =115MeV (=60°) and the ¥, =180MeV (=2140°) real potentials that fit the
forward angle data (from [76]).

we have estimated [30] that the nuclear rainbow in '?C + '2C will reveal itself forward of 90° at
Elab > 200 MCV)

For light heavy-ions at E/4 < 10 MeV, a qualitatively similar discrete ambiguity has been observed.
Fig. 6.2 illustrates how different “families” of real folded potentials, characterized by their discretely
different renormalization factors N, describe equally well the **C + 2C data below E/4 = 10MeV.
At higher energies, as the nuclear rainbow falloff moves into the experimentally accessible angular
range, the choice becomes unique (indicated by the solid symbols in Fig. 6.2) and the ambiguity
can be removed, if consistency between the results for the two energy regions is demanded.

The analysis of the '°0 + %0 data at 350 MeV [198,199] presents an interesting example of the
complications that can arise because of the discrete ambiguity. The measurements were performed
in two different experiments, the second one extending the original angular range from 61° up to
73°. Fig. 7.3(a) shows the first set of data [198] and three possible descriptions of the original data,
with increasingly deep WS? real potentials A, B, and C, which lead one to interpret the clearly
visible 43° minimum as the first, second and third Airy minimum, respectively. Fig. 7.3(b) shows
the manifestation of the discrete ambiguity in the ¥* vs. ¥, relation; the minima in ¥* correspond to
the central depths of the three potentials shown in Fig. 7.3(a). The initial analysis of these data [198]
seemed to indicate that the observed 43° minimum corresponded not to the primary Airy minimum,
but to the secondary (as predicted by potential family B), and predicted that the differential cross
section would rise up again to display the rainbow maximum at around 70°. Kondd et al., in an
independent phenomenological optical model analysis of the original data [117], proposed that the
43° minimum most probably was the primary one. Their argument came from a comparison of
the real potential strength (quantified by its volume integral) at 350 MeV and those independently
determined from an interpretation of scattering data at much lower energies, near the top of the
Coulomb barrier, in terms of “molecular” resonances [115, 116]. At these low energies, the potential
must be sufficiently deep so as to sustain quasi-bound states with enough radial nodes to satisfy the
Pauli principle (see chapter 12). This condition allowed three potentials whose volume integrals are
indicated in Fig. 7.3(c), together with the integrals for the three potentials 4, B and C determined
from the 350 MeV scattering data. On very general grounds, we expect the strength of the potential



204 M.E. Brandan, G.R. Satchler | Physics Reports 285 (1997) 143-243

10° ' ——— . —
0 (%0,%0,,)"°0, =350 MeV : ®) 1604
IE ) Op Fuas. ] asool 0+ E,, =350MeV |
10 Woods-Saxon squared form \ 2 .
] - i y” fitting -
& 107 o \
E r >2 30001 \\ 1
[}
T 10% \ ¥
E r \ AN
F \ /o
4: \\ / ., C N
10°k 2500} A \ B//
5- . . . ; . ) P E;'- L 1 1 L 1 1  E— 1
0 10 20 30 40 50 60 70 80 90 200 400 600 800 1000 1200
Bem (deg) V, (MeV)
400 | | I
e} 160 +16Q System C
- O
E 350 [~ 1=38 B ]
L=
S N S &
g N=286 e . A
.z 300 __' ’ ..... O p—
-
250 | | |
0 100 200 300 400

E,, (MeV)

Fig. 7.3. Resolution of the discrete ambiguity in the real potential for '*0 +'°0 at 350MeV. (a) The original elastic
scattering data [198] and calculations with three different potentials: A (solid curve), B (dashed curve) and C (dotted
curve). (b) The y* value as a function of the real central depth ¥ shows three minima, one for each of the potential
families. (¢) The volume integral per interacting ion pair, for two energies. The lower energy values of Jy come from
the work of [115]. The potentials that are consistent with the dispersion relation are connected by the dotted curve (from
[117D).

to increase as the energy decreases, allowing one to select the pair of potentials joined by the dotted
line as the physically realistic ones.

As made evident by Fig. 7.3(a), only the unambiguous observation of the exponential falloff well
after the rainbow angle can identify an Airy minimum as being indeed the first, and therefore remove
the potential family uncertainty. The measurements were extended further out in angle [199] and
no rise was observed beyond 61° (see Fig. 2.3), confirming Kondo’s potential choice. However, if
nontraditional forms are selected for the potential shapes, some doubts may still remain; details on
this subject can be found in Section 9.

If the solution of the discrete ambiguity problem is far from trivial with data of the quality dis-
played by the °O + %0 measurements at 350 MeV, the situation is even harder at lower energies
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integral per interacting ion pair for real potentials III, IV and V, together with results at two other energies. The dashed
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where no exponential falloff can be seen in the measured angular range. Fig. 7.4(a) shows measure-
ments for °0O + 0 at E,, = 145MeV [200], where a strong minimum can be observed at about
54°. What is shown in Fig. 7.4(b) is the unsymmetrized optical model calculation in order to avoid
the (uninteresting in this situation) interference near 90° due to the identity of the nuclei. (This
interference extends to more forward angles and becomes more evident as the energy decreases
because of the reduction in the slope of the unsymmetrized angular distribution, until it dominates
the angular distribution as the energy approaches the top of the Coulomb barrier. Thus it becomes
a much more bothersome feature for the interpretation of the data at lower energies. Another exam-
ple is presented in Section 10.1). The angular distribution for potential I in Fig. 7.4(b), which has
¥y =121 MeV, shows the nuclear rainbow exponential falloff after the 54° minimum, showing that
this is its first Airy minimum. This potential predicts no minima beyond this angle. Potential 1I, with
Vo =209 MeV, places its first Airy minimum at 86°, and the one at 54° becomes the second Airy
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minimum. For potential III, with V =362MeV, 54° is the angle of the third Airy minimum, while
77° is the angle for the second, and the first is located at about 110°, and so on for the stronger
potentials. Since the angular distribution is symmetric with respect to 90°, and within this angular
range no exponential falloff is observed in the data (Fig. 7.4(a)), no nuclear rainbow identification
may be possible. At higher energies, the angular structures move forward in angle allowing one
to observe the rainbow and to choose the appropriate family, as has been done for this system at
350 MeV. Fig. 7.4(c) is an extension of Fig. 7.3(c), and shows that the 145 MeV family IV is
consistent with the phenomenological studies at the other energies [120]. The same conclusion is
reached after a folding model analysis [101] of the data.*

This explanation of the discrete ambiguity for light heavy-ions in terms of an angular shift of the
Airy pattern was proposed in 1991 [34], based on an analysis of °Li+*Ni scattering at E/4 = 35MeV,
and other lighter systems. Fig. 7.5(a) shows the discrete ambiguity for potential calculations (farside
only) that describe equally well data forward of 35°. Starting from the shallowest real potential
that describes the 29° minimum (V; =174 MeV), the fits deteriorate as the real strength increases
because the calculated minimum moves backward, beyond 29°, until the value V,=266MeV is
reached. This particular value of V; puts the second Airy minimum at 29°, therefore restoring the fit
to the data. If one continues increasing the real potential strength, the minima do shift backward until
the next Airy minimum falls into place (¥, =360 MeV) and one recovers an acceptable fit, etc. It is
the semiperiodic structure of the Airy pattern that causes the discrete ambiguity. The measurements
[155] that motivated this analysis reached up to 50° and did show an exponential decay beyond 35°,
therefore selecting unambiguously the value of V; =174 MeV as the correct one.

In the same work [34], the shift of the Airy pattern in going from one potential to the next was
shown to be equivalent to a phase-shift increment by an for the low-partial waves, while no phase
change occurs for the peripheral ones. Fig. 7.5(b) shows the phase shifts corresponding to the real
potentials in part (a). The deflection function, calculated as in (3.10), indicates that the 29° minimum
arises from the interference of the /= 22 and 40 partial-wave amplitudes. It can be observed in
Fig. 7.5(b) that the difference between 6(22) and 6(40) changes by an integer number of n between
the ambiguous potentials. The reader will probably be reminded of the much earlier proposal by
Drisko et al. [62] of a similar explanation for the discrete ambiguities in light nuclear systems.
A discussion of the effect of potential resonances in the discrete ambiguity for light ions can be
found in [34]. We emphasize that the requirement of some transparency for low-/ partial waves (i.e.
weak absorption) is essential in order to observe the discrete ambiguity. Without it, we would regain
the continuous ambiguity of Igo [91].

7.3. Shallow- or deep-W ambiguity

The 1988 global analysis of 2C + 2C and '*O + '?C data above 10 MeV per nucleon [27] showed
the need for a weak absorptive potential to produce a consistent description of the data at several
energies. The key factor in the proposed description was the unambiguous need for shallow imaginary
parts, between 15 and 27MeV at the centre, over the energy range from 10 to 94 MeV/nucleon.
These conclusions applied to both phenomenological and microscopic real potentials. Fig. 7.6 shows

4 This conclusion arises from the similar values of the volume integrals; due to an error in [101], probably typographical,
the authors mention potential III as the one consistent with their DDM3Y1 folded potential.
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Fig. 7.7. Shallow- or deep-W ambiguity in the scattering of Q4. 12C at 608 MeV. The evolution of the three fitted
parameters (the renormalization Np for a DDM3Y folding model real part, the WS reduced imaginary radius r» and the
diffuseness ay ) is shown as a function of the imaginary central depth W;. The shallow- and the deep-# minima in [
correspond to potentials having different characteristics (from [28]).

the values of the y? function as a function of the central imaginary depth for selected sets of data. As
can be seen, only values of W, between 15 and 27 MeV allow a description of all the measurements
with an optical model potential (in this case, of WS shape) which varies smoothly with energy.

At the same time, this analysis indicated that some of the data sets (such as 'O + '*C at 608 MeV
in Fig. 7.6) could be described well by potentials with either a shallow or a deep imaginary part.
It is the continuity requirement between different energies that led the authors in [27] and [28] to
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part was treated phenomenologically, assuming either WS or WS? shapes (from [114]).

choose the weakly absorptive solution as the “correct” one; later studies showed that in some cases
the best fit (in terms of giving the minimum x?) might actually correspond to the potential with the
stronger absorption, indicating that the x? criterion should be treated with caution.

Three of the data sets showing this weak- vs. deep-# ambiguity were studied in detail
as part of an analysis using potentials with folding model real parts [28,114]. Fig. 7.7 shows
the evolution of the potential parameters as a function of the imaginary real depth W, for the
case of 'O+ '2C at 608 MeV. It can be observed that the parameters do not transform smoothly
in going from the weak-W (W ~25MeV) to the deep-W (W >80MeV) solutions, but instead they
correspond to two discretely different types of potentials. For the case shown in Fig. 7.7, the weak-W
potential is relatively well determined, while the deep-# presents a continuous ambiguity (it is possi-
ble to obtain fits with similar quality for an infinite number of combinations of imaginary parameters
if W, is about 80 MeV or larger). This is not exactly the case for '°0 + '2C at 1503 MeV, as displayed
in Fig. 7.8, where besides the weak-W potential that prefers W =16 MeV, the deep-W potential shows
a preference for a given depth, W ~50—60MeV, depending on the choice of WS or WS? for the



210 M.E. Brandan, G.R. Satchler | Physics Reports 285 (1997) 143-243

imaginary form factor. Another apparently “unambiguous” deep-W alternative is found in the ana-
lysis of another high-energy case, that of 12C + '2C at 1016 MeV, with minima at W ~30—40 MeV.
An interpretation of this ambiguous description in terms of semiclassical trajectories is presented in
Section 10.2.

Besides the cases already mentioned, other # ambiguities have been observed for other heavy-
ion systems. For example, 'O +2Si at E/4=94MeV displays two minima in y°, qualitatively
similar to those in Fig. 7.8, at W ~ 40 and 70MeV. Here no weak-W description has been
found [114].

8. General features of the potentials and the W/V systematics

The heavy-ion nuclear potentials discussed are capable of describing a large amount of elastic
scattering data over a wide energy interval. So far we have looked directly at the data trying to
identify in the measurements those features which could indicate an interpretation in terms of re-
fractive effects. But, which are features in the potentials themselves that signal their “refractive”
character? The most obvious of these characteristics are the strengths of the real and the imaginary
parts. Real parts must be deep in order to “pull” the farside trajectories sufficiently to negative
angles and to locate the maxima and minima of their Airy interference pattern at the angles where
the data show them. Since the sub-trajectories of the farside amplitude that produce this interference
penetrate into the interior of the potential, the imaginary potential must be shallow for them to
survive.

The first and second rows in Fig. 8.1 show the real and imaginary parts of phenomenological
potentials that describe 2C + '2C and '®O + !0 data at two different energies. Two alternative po-
tentials have been chosen for each case. The selected potentials display the main features found in
all data analyses: they depend on the energy, their real parts are deep (V ~ 100-350MeV) and
their imaginary parts are relatively shallow (W ~ 7-30MeV). By using a logarithmic scale, the
second row in Fig. 8.1 emphasizes the next important feature of these potentials: the shapes of the
real and imaginary parts are always different, particularly at the far surface, where the absorption
decreases faster than the nuclear matter distribution. The third row in Fig. 8.1 presents the above
features summarized in a single function [38]: the ratio of the imaginary and real parts, W (r)/V(r),
as a function of radius. The function

w(r) = W(r)/V(r), (8.1)

has been called [38] a “reduced imaginary potential” since it can be interpreted as the flux removal
from the elastic channel W(r) weighted by the inverse of the matter distribution, approximately
represented by V(r). This function is remarkably similar for all the potentials, as can be observed
in Fig. 8.2, where >C + '?C potentials and their ratio are shown for E/4 between 7 and 82MeV.
Three characteristics can be seen:

(a) For small », W(r)/V(r)<1, indicating deep elastic interpenetration of target and projectile, a
feature required by the appearance of refractive effects in the angular distributions;

(b) For large r, W(r)/V(r)<1, implying low reaction rates at the far-surface;

(c) At the surface, W(r)=V(r).
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a systematic behaviour for the ratio W(r)/V(r) (from [38]).

For phenomenological potentials with Woods—Saxon shape these features of W(r)/V(r) can be
traced back to relations between some of the potential parameters: W <V, R, > R,, and a,, < a,.
These are fulfilled by all but one of the potentials listed in Tables 2 and 3 (the exception, at a high
bombarding energy, is discussed later). The systematics for different systems at different energies
indicates that the maximum of the reduced potential w(r) is located at radii about 1.2-1.4 fm times
(A},/3 +A,1/ *) and that this radius decreases as the energy increases. Attempts to relate w(r) to other
variables of the scattering have found [38] that the peak in w(r) coincides in location with the
apsidal distance for the trajectory with the angular momentum / for which the function d|S|/d/ has
its maximum. According to Austern and Blair [7] and Frahn [71], this indicates the peripheral region
where collective direct reactions originate. Within this formalism, the peak also marks the so-called
strong-absorption radius for the system and happens to be slightly larger than the imaginary radius
R, for the light heavy-ion data thus analysed [38].

These w(r) systematics are fulfilled by phenomenological potentials describing a-particle scattering
on nuclei from ?C to 2®Pb (with the exception of ''®Sn), ®7Li scattering by a variety of targets,
123C 4 12C, 160 4+ 190, and '°0 + '2C, all for energies E/4 greater than about 6 MeV. Fig. 8.3 shows
w(r) for potentials that fit some of these data and which fulfill the systematics. The ratio has been
plotted against a scaled radius ry = r/(Ai,/ *+ A!”) to unify the representation for different systems.
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the ratios W({r)/V{r) in (c¢). Numbers indicate E/4, in MeV (from [38]).

The folding model analyses which have been performed on some of these heavy-ion data using the
DDM3Y effective interaction, produce potentials which also obey the w(r) systematics at energies
E/A < 15MeV, as the example in Fig. 8.1 shows. Above this energy, the calculated potentials
frequently present a far-surface tail that is steeper than that which apparently is required by the data
[190], and the ratio W/V does not drop to values less than unity in the external region. Almost
all these folded potentials have been constructed using the zero-range pseudo-potential (5.7) for the
exchange term, and it might be surmised that this is responsible for the discrepancy just mentioned.
It would be interesting to examine this using the more sophisticated approach of Khoa et al. [98,101]
which does not make the zero-range approximation.

Phenomenological potentials which are known not to agree with the w(r) systematics are those
for ¥Ne + 2C, “N+'2C, °Be+ "*C and ’Be + '°0. All of them are absorptive in their far surface,
having a, < a,,, and a w(r) curve which increases continuously, without a maximum. It is not yet
clear what there is in the structure of these nuclei that sets them apart from the behaviour observed
for the other nuclei, which are mostly “4n” or “a-particle” nuclei, but their strong deviation from
the w(r) systematics indicates that the detailed structure of target and projectile can influence the
absorptive part of their optical potentials.

The dashed curves in Fig. 8.3 correspond to the high energy data '2C+'C at E/4 =85
MeV and '°0 +!2C at 94MeV. For these two systems, the absorption in the far-surface has in-
creased, relative to that for the lower energy potentials, so that W(r)}/¥V(r) = 1 and the w(r)
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Fig. 8.3. The ratios w(r)=W(r)/V(r) as a function of reduced radius for systems that follow the systematics. In (a), the
different curves correspond to WS potentials at different energies. In (b), which corresponds to potentials that fit the 145
and 350 MeV data, the solid curves correspond to phenomenological (WS?) potentials and the dashed curves are potentials
obtained by inversion. In (c), the different curves correspond to WS potentials at different energies (from [38]).

systematics are not fulfilled. An explanation for this apparent evolution of the potentials with en-
ergy has been given in [37] based on the application of the double-Glauber approximation to light
heavy-ion scattering.

The optical limit of the double-Glauber approximation obtains the scattering phase shifts from
a “potential” which is essentially a double-folding potential used for both V(r) and W(r), with
complete neglect of suppression due to the Pauli principle. This potential gives the same radial
shape for the real and the imaginary part, and at E/4~100MeV, W/V is approximately equal
to unity. As the systematics of the phenomenological potentials show, the Glauber approximation
grossly overestimates the absorption, except in the few cases at high energies where w(r) ~ 1
in the far-surface region. The nucleon density is low in this region, Pauli suppression should be
minimal and it is plausible that the increased absorption implied by w(r)~ 1 may be due to an
increased probability of nucleon knockout in the far-surface, the only type of absorbing process
considered in the Glauber description. At lower energies, where the Glauber assumptions for the
absorption strongly disagree with the w(r) systematics, the description of the elastic scattering dif-
ferential cross section by Glauber theory is bound to be in error. This failure is discussed in detail
in [37].
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9. How well can one set of data determine the potential?
9.1. Non-standard forms of potential

Once the weak absorption in the scattering of light heavy-ions has been established, allowing for
the determination of the potential features in sub-surface regions, the question whether the detailed
shape of the optical potential may differ from the standard phenomenological or the folding model
form factor becomes tractable, at least in principle.

The 'O + 2C data at E/4 =94 MeV have been analyzed using optical potentials with more general
shapes for the real part [114]. In particular, the DDM3Y folding model potential was taken as a
reference, and modifications AV (r) either from a functional form or directly as specified values
at fixed radial knots with cubic spline interpolation between them, were added. The potentials that
resulted could even present nonmonotonic shapes, as can be observed in Fig. 7.1. The conclusions
of the study signaled the possible need for modifications to the folding model potential in order to
achieve an optimum fit, particularly an increased attraction at the surface and a reduced attraction
at the centre, as curve “FOLD + AV” in Fig. 7.1, which is a functional form modification of the
DDM3Y potential [114], indicates. The spline analysis produced potentials with a more structured
oscillatory pattern than the functional AV but no physical significance was attached to the feature.
Fits that appeared almost as good as those obtained using the modified folded potentials (although
with y? about twice as large) could be obtained with the conventional six-parameter WS or WS?2
forms!

The complete '°0 + 'O data at 350 MeV [198, 199] have also been studied with optical potentials
more general than the standard form factors. The authors of [33] performed optical model analyses of
the data exploring the optimum exponents vg and v; to which the Woods—Saxon real and imaginary
form factors, respectively, had to be raised, as well as the effect of modifying the real and the
imaginary parts by a general determination of the potential at certain radial knots, supplemented
by spline interpolation in between and exponential extrapolation at large radii. The first result was
to detect a slight preference for vg =v;=2. When a general spline imaginary potential form was
optimized while keeping a WS or WS? real form factor, the resulting potential was similar to that
obtained from the addition of an imaginary Woods—Saxon derivative WSD term (centred at about
4.6 fm) to the WS (or WS?) imaginary volume term. Since the analytic option is much simpler to
use, it was concluded that the optimum imaginary shape was a sum of WS (or WS?) and WSD.
Concerning a general form for the real potential, exploratory fits indicated that the study could be
done assuming v; =1 and no WSD term, without loss of generality. In Section 7.2 we have discussed
the three families of discretely different potentials (types 4, B and C; see Fig. 7.3(a)) found by Kondo
in his phenomenological analysis of the system. We have found [33] that the optimum spline real
potentials were similar to Kondo’s type 4 and type B, as shown by Fig. 9.1. (Spline potential X is
too weak to sustain a rainbow, as discussed in [35] and Section 10.2). A DDM3Y folding model
real potential for this system (with the optimum renormalization equal to 1.05), is also shown in
Fig. 9.1. It proved to be very similar to the real part of the type A spline potential. The quality of
the fits is improved by the extra parameters associated with the spline analysis, suggesting in this
case, as in the other already discussed in this section, that the folded potential using the DDM3Y
(or the similar, more recent, DDM3Y1 or BDM3Y1) interaction is a good first approximation to the
real part of the potential.
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Fig. 9.1. Spline real potentials that fit the scattering of '°0 +'°O at 350 MeV (see Fig. 2.3.). Also shown is a folded
potential, based upon the original DDM3Y interaction and renormalized by a factor of N =1.05 (from [33]).

More recently, these 0O+ '°0O data at 350MeV, together with others taken at 250, 480 and
704 MeV, were subjected to analysis [12] in which both real and imaginary parts of the optical
potentials were represented by a series of Fourier-Bessel (FB) or Laguerre-Gaussian (LG) terms
superimposed upon a starting potential with the form of the square of a Woods—Saxon. The LG
expansion gave the best description of the data. The resulting fits to the data are shown in Fig.
0.2 and the corresponding potentials, together with their (correlated) uncertainties, are displayed in
Fig. 9.3. (The dashed curves in both cases correspond to the results obtained using phenomenoclogical
Woods—Saxon potentials whose parameter values are tabulated in [12].) The model-unrestricted real
potentials also have characteristics similar to those of the folded ones obtained earlier which used
the BDM3Y1 or DDM3Y'1 interactions [103].

Another study of the uniqueness of the potentials and phase shifts derived for a single set of
elastic scattering data was performed on the *O + !2C data at 608 MeV [190]. The need for different
noninteger exponents vg and v; was explored, as well as the addition of a WSD term to the standard
volume imaginary term, and the determination of the real part at fixed knots plus spline interpolation.
Many different potentials were found, all describing the data with y* ~ 1. The real parts of these
potentials are all smooth functions of r, even if some of the spline potentials are nonmonotonic. The
central depths of the real potentials are about 100 to 150 MeV, and they all tend to converge toward
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vs. momentum transfer q. The solid curves are fits obtained using model-unrestricted potentials expressed as series of
Laguerre~Gaussian functions. The dashed curves represent fits obtained using the squares of Woods—Saxon potentials
(from [12]).

V(r)= —25MeV at r~5fm and to be similar at larger radii. Most of the imaginary parts peak near
r=31fm, as shown in Fig. 9.4(a), confirming the need for an additional WSD absorptive term for
an accurate phenomenological description of this system. Constraining the spline potential to have
the values given by a DDM3Y folding model potential at » <3 fm, shown in Fig. 9.4(b), suggests
the need for a more diffuse real tail than that given by the DDM3Y prescription. This study also
encountered the discrete ambiguity associated with the explanation of the large angle exponential
falloff. Fig. 9.5 shows calculations for two potentials, one having a much deeper real part (about
280MeV at the centre) which predicts the primary Airy minimum to be at 43°, and one that is
173 MeV deep at the centre that indicates that it is the primary rainbow that has been observed so
that there are no additional minima to be seen. As in the 'O + ®O cases discussed above, a choice
between the two could be made based on the systematics known at other energies, and/or similar
systems. Of course, a definitive solution would require unambiguous data in the 40°-50° angular
region.

We have presented in detail examples of thorough studies at single energies where, in spite of the
reduced absorption, no conclusive answer about the fine details of the nuclear potential can be drawn.
Furthermore, the chosen cases seem to suggest that the detailed potential structure appropriate for
one system is not necessarily the one best suited for the other. This, of course, may be an indication
of the limitations of the simple description of the scattering by a local optical model potential.
The moral of these exercises seems to be that the optimum knowledge of the optical potential for
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a system cannot arise from the analysis of a single set of data. Ideally the scattering at several
energies should be measured and studied and, if possible, data for other similar systems should be
reasonably well described by a potential containing the same physical characteristics.

In this way we avoid the risk that some idiosyncracy of a particular measurement, rather than a
true physical effect, is biassing our conclusions.

9.2. Potentials obtained by inversion of the scattering cross sections

With present day techniques and sufficiently precise data, it is possible to do a (complex) phase-
shift analysis of a set of differential cross sections and then invert the phase-shifts to obtain an
equivalent local potential that will reproduce them. The phase-shift analysis may be done using
a parameterized S(/) function, for example of Mclntyre form [142], or more flexibly by adding
a corrective function to a smooth starting function. The starting function can be optimized by a
preliminary fit to the data; it may be of the McIntyre form, or derived from Glauber or other
theory, or generated from an optimized model potential, folded or Woods-Saxon, etc. The cor-
rective function then indicates what changes from the starting function are necessary to optimize
the fit to the data. This procedure is illustrated by applications to the scattering of 40+ '2C

at 608 MeV [54], C+'>C at energies from 139.5 to 2400MeV [145] and to *O+'6O at
350 MeV [4, 56].
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from the original DDM3Y interaction, renormalized by a factor N =0.845, while the dashed curve represents a spline
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folded one (from {1907).

The determination of the phase-shifts presents a profound ambiguity problem. Although there is
no ultimate solution to this problem, there are ways that it can be mitigated [145]. These include
imposing some conditions, perhaps not well defined, such as “physical reasonableness”, “‘smoothness”
and “continuity with energy”.

The S-matrix S(/) that is so obtained, and which now represents the data, may be inverted to
give a corresponding local potential. The inversion may be done analytically, in an iterative way,
if the S-matrix is represented as a rational function [126]. A very flexible iterative-perturbative
(IP) technique has been developed by Cooper and Mackintosh [145] which involves iterating a
perturbative correction to a starting potential by determining amplitudes within an inversion basis.
The basis may be spline functions, gaussians or Bessel functions, etc. The uniqueness of the resulting
inversion potential may be tested by studying its independence of the starting potential and the basis
chosen. A careful and detailed discussion of the application of this approach, and some uncertainties
associated with it, is given in [145]. One possible interpretation of this procedure follows from
adopting some model (such as folding) for the starting potential, then regarding the correction found
as a local and /-independent representation of the dynamic polarization potential [141].

These powerful approaches enable one to obtain fits of very high quality to precise and complete
sets of data (namely, y*> per degree of freedom of order unity, assuming that the experimental
“errors” have been estimated realistically). In this sense the inversion potentials may be said to
incorporate essentially all the information that is contained in the data. One price paid for this is
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Fig. 9.5. The scattering of '°0+'’C at E/4=38MeV predicted by two Woods—Saxon potentials which give almost
indistinguishable fits to the data in the measured angular range, but which differ markedly at larger angles. The WSD real
potential (solid curve) is much deeper in the centre (about 280 MeV) than that for the WSG potential (about 173 MeV).
This results in a dip near 43° which is interpreted as the first Airy minimum forward of the primary rainbow, which
is predicted to be beyond 50° for this potential. On the other hand, the primary rainbow for the more shallow WSG
potential occurs at a more forward angle, about 30°, so we only see the structureless dark side of the rainbow at these
larger angles (from [190]).

that the potentials may be nonmonotonic, exhibiting oscillations, although an oscillatory behaviour
is not neccessarily unphysical. It may simply reflect an underlying nonlocality, such as an /- or
parity-dependence which is averaged over when using typical folding or phenomenological (namely
Woods—-Saxon) potentials.

It was found in the cases of '2C + '>C [145] and '*O + !2C [54] that the real inverted potentials
were similar to the (DDM3Y) folded potentials for radii greater than about 5fm, but were less
deep between about 3 and 5fm. The scattering (as determined by notch tests) was not sensitive
to the potential at radii smaller than about 3 or 4fm (although it must be remembered that the
notch test itself gives results that depend upon the particular potential being used). The case of
160 4+ 10 at 350 MeV has been examined by two groups [4,56]. The work of [56] resulted in an
inversion potential (see Fig. 9.6) whose real and imaginary parts behave very smoothly with radius,
and whose real part seems to be in good agreement with the “realistic” (BDM3Y1 or DDM3Y1)
folded one [101]. On the other hand, the potential found by [4] was based upon an S-matrix of the
Mclntyre form supplemented by six Regge-pole contributions, all but one of which were centred at
I-values less than 40. This potential exhibited considerable structure, far from the range of theoretical
expectations, although the quality of fit to the experimental data appeared to be comparable to that
found by [56]. However, a two-step inversion procedure had previously been shown [55] to exhibit
serious ambiguities even for exact fits to very precise data. The results of these two groups appear
to present another example of this, and emphasize again the importance of using “prior information”
to judge the physical significance of fits to experimental measurements. The “information” in this
case includes some theoretical expectations as well as the use of systematics of fits to the scattering
of similar systems or the same system at different energies; this leads us to choose the [56] result
as the physically significant one.
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that the values for » > 5.3 have been multiplied by a factor of ten (from [56]).

10. Interpretation of the elastic scattering in terms of trajectories

The separation of the scattering amplitude into nearside and farside scattering as well as other
decomposition techniques presented in Sections 3.2 and 3.3 have played a significant role in the
present understanding of the observed scattering of light heavy-ions. Probably their most practical
use has been the identification of Airy structures in the scattering, features which do confirm the
refractive character of the interaction. But, also of great importance, they have proven invaluable
when trying to understand in optical terms the particular ways in which different potentials give rise
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to a given angular distribution. In this section we present examples that illustrate the power of some
of these techniques.

10.1. Nearside/farside decomposition applied to the data

The nearside/farside decomposition of the scattering amplitude is based on expressions (3.5) and
(3.6) obtained by Fuller [74] and nowadays incorporated in a handful of computer codes. A revision
of the formalism can be found in [88] together with many applications envisioned in days when
some of the most revealing heavy-ion elastic scattering measurements were yet to be made.

As Fig. 3.2 indicates, the nearside trajectories are sensitive to both the Coulomb potential and
the nuclear potential tail. The farside trajectories are mostly affected by the nuclear potential in sub-
surface and surface regions. The farside trajectories /. and /. interfere, producing widely separated
Airy maxima and minima in the angular distributions. The interference of the nearside and the farside
trajectories gives rise to the rapidly oscillating Fraunhofer pattern at forward angles. Fig. 3.7 displays
the decomposition of the '2C + '2C scattering at 159 MeV into the nearside and farside components
of the scattering amplitude. The symmetrization interference around 90° has been eliminated from
the calculation for the sake of simplicity. (The description of the actual data with this potential can
be appreciated in Fig. 6.1.) As it is depicted in Fig. 3.7, the forward oscillations are caused by the
interference of nearside and farside amplitudes while the minimum near 67° is a minimum in the
farside scattering, caused by the interference of the refracted /. and /. contributions, i.e. it is an
Airy minimum.

Few instances of actual light heavy-ion elastic scattering show refractive structures in such a visible
way. Fig. 10.1 is an example of '®O + 2C elastic scattering at 608 MeV calculated with the potential
in Table 3. The decomposition into nearside and farside amplitudes reveals that the structureless
falloff beyond about 20° is a feature of the farside (and one would say that the scattering is “farside-
dominated”). In this case, there is no clear evidence of Airy minima in the farside, except for
a hint near 15°. If this were in fact an Airy minimum, arising from the interference of the two farside
branches of the deflection function, the weakness of the interference probably would be due to the
strong absorption of the /. part relative to the /.. part; if the absorption were reduced (for instance,
by decreasing the value of W, in the calculation) one would expect the /. contribution to become
strong enough to interfere more efficiently with the /. contribution, so that the minimum should
become deeper. This is indeed the case for the calculation shown in Fig. 10.1, and the enhancement
of the 15° minimum caused by the artificially reduced absorption confirms its identification as an
Airy minimum. The calculations with reduced W, show that the 15° minimum is the first Airy
minimum in the angular distribution, i.e., it is the primary one, and the nuclear rainbow angle is
then located at about 40°. This last result could also be obtained directly from the deflection function
(3.9) by using the calculated phase shifts.

Next is an example of the use of the nearside—farside decomposition technique in a global inter-
pretation of the '2C + !2C elastic scattering at energies where the 90° excitation function displays an
interesting structure. Fig. 10.2 shows the data and the original (1974) interpretations. The enigma
during all these years has been finding an explanation for the origin of the wide structures, par-
ticularly the minima between the elephants, and a confirmation of the reality of the proposed third
pachyderm. The study [144] of the '2C+ '2C excitation function was based on a previous opti-
cal model analysis [30] of complete angular distributions measured at 35MeV < E,,, <63 MeV, an
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Fig. 10.1. Calculations for 0 + '2C scattering at 608 MeV. The solid curve (labelled Wy=25MeV) is the differential
cross section calculated with the potential that fits the measurements (parameters in Table 3); it has been decomposed
into its nearside (dotted) and farside (dashed) contributions. The dashed curves labelled Wo=10MeV and 0 show the
effect on the farside from an artificial reduction of the absorption. The farside minimum near 14° becomes more evident
as the absorption decreases, confirming its identification as an Airy minimum.

energy range which overlaps with the one for the excitation function. Fig. 10.3 shows the optical
model fits to the measured angular distributions. In this analysis the potentials have the traditional
Woods—Saxon shape and are strongly attractive and weakly absorptive; the parameters can be found
in Table 3 for a few representative energies.

The general features of the data in Fig. 10.3 are extremely complex, particularly below about
120MeV, because the Fraunhofer oscillations are not confined to the most forward angles but they
extend over the complete angular range making it impossible to guess at the presence of Airy
minima or maxima. Things are further complicated by the interference around 90° due to the identity
of projectile and target, which overlaps with the Fraunhofer oscillations. The panorama is clarified
when, after removing from the calculations the indistinguishability interference, only the farside is
observed, as in Fig. 10.4. The main features in this plot are the sharp minima evolving from one
energy to the next. These are higher order Airy minima (see Section 3.6) which move forward as
the energy increases.

Since the angular distribution is symmetrical about 90° for identical particle systems, it is not
possible from measurements at these energies alone to determine the order of the Airy minima. In
particular, it is not possible to elucidate whether the last Airy minima observed near 90° at 126.7 MeV
is or is not the primary one. In order to accomplish this one must appeal to the analyses of the data
for higher energies and assume continuity. This has been done [30] and we have assigned the primary
Airy minimum as the one indicated as 4, in Fig. 10.4. Then 4, is the secondary one, which crosses
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Fig. 10.3. The angular distributions for elastic 12C 4 12C scattering at incident energies between 71 and 127 MeV. The
curves are calculations with phenomenological (WS) potentials. The dashed curves trace the angular positions of the Airy
minima, identified as 4, through 44, being 4, the ath minimum forward of the rainbow angle (from [144]).

90° at about 100MeV, and so on. Fig. 10.5 shows the observed evolution of the supernumerary
minima with energy. Indicated are the ranges of energy and angles where the minima are deep
enough to strongly affect the angular distribution.

After reaching this point in the analysis, some of the answers to the old questions concerning
Fig. 10.2 should be evident. The gross structures in the excitation function are caused simply by the
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Fig. 10.4. The unsymmetrized farside cross sections produced by the potentials used in the calculations that were shown
in Fig. 10.3. As in there, the dashed lines connect corresponding Airy minima (from [144]).

refractive structures passing through 90°, and the sharp minima between the elephants are the different
Airy minima drifting by. In fact, at any angle (preferably at the larger angles in order to diminish
the importance of the Fraunhofer interferences which also drift with energy) one would observe the
same qualitative behaviour of the excitation function as at 90°. A recent series of measurements
of the '2C+ 12C excitation function between 44° and 90° in the same energy interval [151] has
been, indeed, successfully explained through these arguments [144]. The remaining question concerns
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part (c) in Fig. 10.2: is there a third elephant, not yet observed? The response from this analysis is
positive and furthermore, it includes the prediction that there will not be a fourth elephant beyond.
According to Fig. 10.5, the 90° minimum at about 130MeV is the primary one, therefore after
its passage the cross section should rise once more as the nuclear rainbow goes through, and this
should be followed by the exponential falloff into the classically forbidden region. This prediction,
inherently tied to the numbering of the minima and therefore to the assignment of a discrete optical
potential family as the correct one, awaits its experimental confirmation.

The remarkable manifestation of refractive effects in the '2C + '2C elastic scattering channel just
discussed is a consequence of the relatively low absorption shown by the system in this energy
range. Since this seems to be a common feature for similar systems, such as 0+ '°0 [120], the
same explanation does interpret other well known cases of gross structures in oscillating excitation
functions.

10.2. Semiclassical decomposition into subamplitudes

The semiclassical treatment to which we refer next attempts to understand all the structures in an
angular distribution as arising from the interference between subamplitudes f;(6) which are smooth
functions of 6. The scattering amplitude is therefore decomposed into the sum of components (3.8),
whose interference is the cause for the observed oscillations in an angular distribution. The decom-
position into nearside and farside scattering is the basic separation [74,88], and the interference
between these two subamplitudes is the origin of the Fraunhofer oscillations observed in all the
light heavy-ion elastic scattering. In what follows, the farside component will be further decomposed
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into semiclassical subamplitudes (or “trajectories”) and the structure observed in the farside compo-
nent will then be understood as an interference between these trajectories. The semiclassical (WKB)
methods were originally elaborated by Knoll and Schaeffer [107] and have been put into practical
use by McVoy and his collaborators {29, 73].

As a first example of the analysis we show in Fig. 10.6 the scattering of '2C + 2C at 159 MeV
[29, 73]. In part (a) we display the unsymmetrized cross section and its decomposition into the near-
side and farside amplitudes. For a more convenient visualization of structures in the subamplitudes,
it is not do/dQ that is plotted (as in Fig. 3.7), but In(de/df). Tt can be observed that the nearside
and the farside components interfere producing the Fraunhofer oscillations forward of about 50°.
Beyond this angle the nearside gets much weaker than the farside, the scattering becomes “farside-
dominated” and the cross section is all due to the contributions from the farside. This component
shows a dip at about 67° which is interpreted as the interference between farside subamplitudes;
this is shown in Fig. 10.6(b), where the complex turning points D(8) for the farside trajectories are
displayed. Three trajectories are identified: R_, R, and /.. The first two are refractive trajectories
(which for a purely real potential would describe rainbow scattering; that is, they would be the /.
and /. contributions in the notation of Section 3.6). I, is a “diffractive” farside trajectory [72],
which in this case is found to make a negligible contribution to the scattering. It can be observed
that the rainbow angle (where R_ and R, tend to coalesce) is about 120°, and beyond this angle
only one trajectory, R,, is dominant. Fig. 10.6(c) shows the individual R_ and R, cross sections.
As expected, each of them is a smooth function of 6, and their interference originates the dip at
67° which thus is a refractive (i.e. Airy) minimum. Even if the absorption in this case is relatively
low, it suppresses the R_ contribution sufficiently so as to make the Airy minimum appear only
weakly. However its appearance in the data (Fig. 6.1) is sufficiently noteworthy that it permitted the
unambiguous determination of the potential parameters [27]. Fig. 10.6(b) shows that the R, (outer)
trajectory explores the radial range between 3.5 and 7.5fm, while R_ (inner) is significant only
beyond about 50° (Fig. 10.6(c)) and therefore sensitive to the potential between 2 and 3 fm.

The next application of this type of decomposition is the already mentioned case of '®O + 2C
scattering at 608 MeV, where the analysis has encountered severe (but anyhow interesting) ambigu-
ities. As described in Section 7.3, this system shows a particular type of ambiguity since it can be
described by a weakly absorbing (shallow-W) potential or by a continuously ambiguous family of
strongly absorbing (deep-#) potentials. Fig. 10.7 shows the results of the semiclassical decomposi-
tion for the shallow-W potential. In Fig. 10.7(a), the cross section is decomposed into the nearside
and farside components, similar to what is shown in Fig. 10.1. In Fig. 10.7(b) the complex turning
points indicate that, as in the 159MeV case, three trajectories contribute to the farside, but in this
system all three contribute importantly to this amplitude. In Fig. 10.7(c), R_ and R, have been
combined into one R, which interferes with /.. The primary Airy minimum is seen in |R|* at about
14°. However, at this angle I, is becoming dominant and manages to interfere with R so as to
almost eliminate the Airy minimum from the farside. But then an interference between R, and I,
seems to appear, extremely weak, in the farside cross section at about 24°. For this potential the
farside subamplitudes explore the potential over a range of radii from about 2 to 7 fm.

Fig. 10.8 shows similar calculations for a “deep-W” potential. The topology for the turning point
space is totally different from that encountered previously with the weakly absorbing potentials in
Figs. 10.6 and 10.7. Fig. 10.8(b) shows that the strong absorption has completely suppressed the
inner trajectories seen in Fig. 10.7(b) for the “weak-W” case, and the farside is now dominated by
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the single diffractive trajectory I, that senses the surface radii between 5 and 7 fm. This trajectory
is capable of producing a farside amplitude (Fig. 10.8(c)) similar to that produced by the weak-W
potential (Fig. 10.7(c)). Since the data display an exponential falloff without any noticeable structure,
either description by itself presents an equally acceptable fit to the data.

These analyses have provided an explanation of the shallow- vs. deep-W ambiguity encountered
in the optical model analyses of %0 + '2C at 608 MeV: the weak-W solution is found to be “unique”
because it is the result of a delicate balance among trajectories that sense the complete radial range.
Conversely, the deep-W solution, sensitive only to the tail of the potential, presents the continuous
ambiguity which is a feature in cases of strong absorption where the removal of flux from the inner
regions of the potential restricts the sensitivity to the external region of the interaction.

A further example of the use of decomposition techniques is the investigation [35] of a non-
monotonic real potential that fits the *O+ 'O data at 350 MeV. A model-independent analysis
(10-parameter-splines for the real part and Woods—Saxon shapes for the imaginary) of these data
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[33] found three general types of real potential: potentials similar to Kondo’s families A and B (see
Section 7.2) and a shallower potential named “X”, all shown in Fig. 9.1. The values of J, were
about 290 and 390 MeV fm® for types A and B, respectively, and 218 MeV fm® for type X. Potentials
of type A put their first Airy minimum at 44° and potentials of type B interpret this minimum as
the second Airy minimum. Potential X is too weak to put an Airy minimum at 44°; its own rainbow
angle is at ~34°. How does potential X manage to fit the minimum in the data without an Airy
minimum? The decomposition of the scattering amplitude into semiclassical trajectories [35] trace
the cause to the nonmonotonic character of potential X. It indicates that the oscillations of potential
X in regions inside r~3 fm produce a complicated set of three trajectories which originate an am-
plitude that interferes with the one produced by the smooth potential at » > 3 fm, in order to locate
a minimum precisely near 44°. The results from this analysis are a reminder that farside minima not
of the rainbow type can be generated in complicated ways by unconventional potential shapes.
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11. Scattering of light “exotic” nuclei

There is now considerable interest in the scattering of “exotic” light heavy ions, produced as
secondary radioactive ion beams (RIB) in new facilities now operational, being built or being planned
[201]. As suggested by our use of the term “exotic”, these ions introduce some unusual features
which arise because they are situated away from the line of stability, which occurs at N ~ Z for
light nuclei. This entails two characteristics: an excess of one kind of nucleon over the other, and
a low binding energy. Such nuclei tend to have a few nucleons of one kind that are loosely bound
and which may form a “halo” surrounding a more normal “core”, as indicated by some density
distributions shown in Fig. 11.1 that were calculated by use of a Hartree-Fock approximation [66].

A prototypical case is the isotope ''Li. In the most naive view, two of the excess neutrons may
be visualized as occupying the Op;, shell-model orbit, with a total binding energy of only about
300keV, compared to the 6 MeV needed to separate a neutron from the Li “core”. Consequently,
the density distribution at large radii is dominated by these two neutrons. This constitutes a neutron
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Fig. 11.1. Calculated density distributions [66] for some light nuclei, showing the tendency for a tail, or “halo”, of the
excess nucleons in the more exotic cases. The solid lines represent the sum of neutrons and protons, the dashed curves
are for the neutrons and the dotted curves for the protons (from [66]).

“halo”, which is estimated to have an RMS radius of about 6.5 fm, much larger than the radius
of about 2.5fm for the °Li core nucleus. (One must not be misled by the somewhat picturesque
language used; the term “halo” does not mean that the Op,, wavefunctions are localized at large
radii. On the contrary, they are distributed throughout the nucleus but, due to the low binding, have
long tails that dominate over the other contributions at large radii: see Fig. 11.1.)

In this review we have established that many light heavy-ion systems exhibit sufficient transparency
for the cross sections to be dominated by farside scattering, sometimes with the appearance of a
prominent (but damped) nuclear rainbow. The question here is what effect the presence of a halo
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has on this transparency. It has been speculated that exotic nuclei like ''Li would be associated with
much stronger absorption due to break-up because of the weak binding of the excess nucleons. The
scattering would then be diffractive, characteristic of strong absorption. However, this ignores the role
of the halo in also enhancing the refractive property of the potential [188]. This question was studied
carefully [90] in a comparison of the scattering at E/4 ~ 60 MeV of the exotic !'Li and of the more
normal ''C by a '2C target, for which some (poorly resolved) data exist [118]. Four, sometimes
opposing, effects were identified in the scattering of ''Li which are absent for ''C. These arise from
both the real and imaginary parts of (i) the extended tails of the complex folded optical potential
due to the halo in the density distribution, and of (ii) the complex polarization potential which
embodies the effects of the enhanced break-up of the weakly bound halo. Semiclassical expressions
were derived which allow one to make rough estimates of these contributions. The net effect of the
halo depends upon the details of the interactions, but it was concluded in this particular case that the
scattering of '"Li would not reveal greatly enhanced refraction compared to ''C, and that its elastic
scattering cross sections are similar to, and may be smaller than, those for ''C. These conclusions
are not in disagreement with analyses of the present quasi-elastic data [191].

There have been many theoretical studies of exotic nuclei, especially directed at their structure
and including attempts to explain their above-normal radii. The latter were first deduced from mea-
surements of their reaction cross sections at intermediate energies, using the semiclassical scattering
theory of Glauber [201]. These cross sections were found to be significantly larger than those for
normal nuclei.

Because of instrumental difficulties, so far there are rather few measurements of elastic scattering
differential cross sections and those few tend to be contaminated by inelastic scattering because of
the poor energy resolution obtained. This has impeded attempts to extract information on the optical
potential, etc. We expect this situation to improve drastically in the near future, giving hope that
the kind of information discussed in the rest of this review will become available. (Nonetheless, by
their very nature, these measurements are difficult so that it seems unlikely that such experiments
will achieve the precision obtained with normal beams.)

The pioneering experiments of Kolata et al. [118], conducted with beams of energy E/4 ~ 60 MeV,
compared the scattering from a '?C target of !'Li with mean E =637 MeV and of !'C with mean
E =620MeV. The energy resolution that could be achieved was poor so that the “elastic” data in-
cluded inelastic scattering to a number of excited states. The contamination was least at the most
forward angles because of the predominance of the elastic at those angles, but it is estimated to be-
come comparable to, or larger than, the elastic cross section at the larger angles. Consequently, it has
been difficult to reach more than qualitative conclusions about the properties of the optical potential,
although many attempts have been made, both microscopic (see, for example, [202,66,105,46]),
and phenomenological [146] (but see [191]).

One conclusion, however, seems well established. It is that a good description of the ''Li scattering
can be obtained by using a folding model for the real potential, based upon the kind of interaction that
we have seen to be successful for other, more normal light heavy-ions, provided a realistic density,
with a halo tail, is used and some account is taken of the very important dynamic polarization
potential (DPP) due to break-up. (This is analogous to the treatment of °Li scattering described in
Section 6.3.3.)

One such treatment [105] was based upon Khoa’s BDM3Y 1 density-dependent interaction and his
treatment of the knock-on exchange. A phenomenological polarization potential, chosen to reproduce
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Fig. 11.2. Real folded potential for ''Li+ '2C, also showing the separate contributions from the “Li “core” nucleus and
from the “halo” neutrons (from [46]).

the results of an explicit calculation of break-up effects [207], was added. This had a repulsive
real part, and an attractive imaginary part of comparable strength. The main imaginary potential was
represented by a Woods—Saxon term in which only the radius was allowed to change. Some measure
of the inelastic contribution to the measured cross section was estimated using the DWBA. Good
agreement with the data was realised for both !'Li and ''C on '2C.

Another detailed discussion [46] made use of the M3Y interaction with a finite-range treatment
of the exchange, as well as one based directly upon the G-matrix calculation of [95], using both
real and imaginary parts and a Gaussian form factor. The interaction was checked against other
data for o and °Li scattering from '2C and 2Si at various energies. An example of the real folded
potential for ""Li+ '2C is shown in Fig. 11.2, illustrating the separate contributions from the halo
and from the core of ''Li. Fig. 11.3 indicates that this potential gives reasonable agreement with
the measurements on ''Li + '2C scattering after some estimate of the inelastic scattering was added.
Attempts to fit the data for 'Li+2Si at E/4 =29 MeV [127] were less successful.

Both analyses just described emphasize (as had been stressed earlier [188]) the important role
played by the reaction cross section in helping to determine the optical potential.

One persistent failure appears in all attempts to reproduce these data using conventional potentials.
Theoretically a sharp, deep minimum in the angular distribution is always predicted near 3° (see
Fig. 11.3, for example) while the measurements indicate a peak near 2.5°. A fit to these forward
angle data can be obtained, either phenomenologically [146] or by inversion (Section 9.2) [57]. In
both cases, it requires a real potential with a surprizingly large and long tail which can affect the
scattering to small angles. This is much stronger than the folding models predict even with the density
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Fig. 11.3. Scattering cross sections produced using the potential shown in Fig. 11.2. The dashed curve represents the
true elastic scattering, the dotted curve is an estimate of the inelastic contamination, while the solid curve is their sum,

compared to the measured cross sections of [118] (from [46]).

distribution having a neutron halo. However, it seems possible that this apparent discrepancy at small
angles is spurious, perhaps because some °Li ions resulting from break-up have been included at
these forward angles where it is more difficult to discriminate against them.

A few other measurements have been reported. A popular target is '2C, which has been used
to scatter beams of 'Be and °B at E/4 = 40 MeV [165], as well as '2Be at E/4 ~ 57 MeV
[208]. The results in both cases include contamination of the elastic scattering by inelastic events.
A folding model has been applied to the first pair of measurements, using realistic Hartree—Fock
density distributions folded with the M3Y interaction and taking account of the finite range in the
knock-on exchange terms [66]. Only a phenomenological analysis has been applied to the second
pair of measurements.
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12. Quasi-molecular resonances

The importance of this topic in the present context is that the observation of quasi-molecular
resonances in a given /-wave, together with the (/-dependent) requirements imposed by the Pauli
principle, demand a minimum number of radial nodes in the relative motion wavefunction. In turn,
this requires that the potential be of a certain minimum depth. These depths turn out to correspond
to the deep potentials that we have found are needed to describe the scattering at much higher
energies, thus linking the two energy regions and providing a unified picture of the nucleus—nucleus
interaction. Such a unification of bound states, resonances and continuum scattering has been achieved
in a number of cases for a-particle plus target systems (for a recent example of a + %0, see [2]).

The mean field Uz as defined in the reaction theory of Feshbach (Section 4.4), which we have
adopted to provide theoretical underpinning for our more intuitive models, sustains bound states
(E < 0) as well as scattering states (£ > 0). Correspondingly, our folded potentials, which represent
the real first term of the Feshbach field (4.5), also sustain bound states. Quasi-bound states can be
observed with E > 0 but will be confined to energies in the vicinity of the top of the (/-dependent)
barrier resulting from the combined nuclear plus Coulomb plus centrifugal potentials. Those which
have energies significantly below the top of the corresponding barrier, so the barrier penetrability
has become very small, have very narrow widths and are not easily observed in the scattering,
but those with energies in the vicinity of the barrier top can manifest themselves as resonances.
As the energy moves up, these shape resonances rapidly become broad and again are not easily
observed.

This part of the interaction only concerns the two nuclei while they remain in their ground states,
the ypo part of the wavefunction (4.4). The couplings to other states of the system will manifest
themselves in at least providing an imaginary, absorptive potential, part of the dynamic polarization
potential. This provides another source of width to the resonances, making them unobservable if the
absorption is strong. So we can anticipate seeing them only when the absorption is “weak”, which
seems to be a characteristic of many of the light systems we are concerned with here, especially at
the low energies corresponding to the barrier tops. Furthermore, if the couplings to a few particular
excited states are strong, these must be considered explicitly and will result in the resonances having
fine structure. In general, one must expect to see a group of resonances with a particular / value
arising from each corresponding shape resonance in the bare potential. This /-value will track, within
a few units, the peripheral / at a given energy.

Antisymmetrization between the two nuclei plays an important role in determining the form of
the relative motion wavefunction of two clusters when bound (or quasi-bound). The number of
quanta Q = 2n + [, where [ is the orbital angular momentum and » is the number of radial nodes
(excluding the origin and infinity), must exceed a certain threshold value, otherwise the states are
Pauli-forbidden - [87]. The allowed quantum numbers Q frequently are quite large. For example,
Q > 24 for the system '®0 + 'O with both nuclei in their ground states. Relative motion with such
a Q could not be sustained by a shallow potential, but can result from a deep potential of the kind
discussed in the present review [116, 117, 149].

An interesting feature of these deep potentials is that the energies of the bound and resonant
states are arranged into rotational bands (that is, the energies are proportional to /(/+ 1)), each band
characterized by the quantum number Q. An example is shown in Fig. 12.1 from [115], and the
origin of this property is discussed in [43].
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Fig. 12.1. The band structure of resonances and bound states in the real part of a Woods—Saxon-squared potential that is
compatible with the low-energy scattering of %0 + 0. States with Q=22 or less are forbidden by the Pauli principle
(from [115]).

There is a very extensive literature on the subjects of cluster models and quasi-molecular res-
onances. We shall not even attempt to review this material, but refer the reader to a few recent
reviews and conference proceedings [128,92, 86,87, 3,6, 80]. Examples of applications to specific
systems may be found in [44] (12C + '2C), [152] (*®O + 12C) and [115] (%O + '¢0).

13. Summary and discussion: What have we learnt?

During the last decade or so, we have extended considerably our understanding of the potential
of interaction between two heavy-ions, especially two light heavy-ions. This progress has been
stimulated in no small measure by experimental developments in providing accurate measurements
of cross sections that cover large ranges of scattering angles and are often extremely small in
magnitude. These have often revealed dramatic refractive characteristics such as nuclear rainbows.
At the same time, there has been remarkable progress in our theoretical understanding of these
phenomena. This understanding has resulted in our learning about the ion—ion interaction when the
two nuclei overlap, and not just when their surfaces touch. In this Report, we have reviewed both
the experimental and theoretical achievements.

An appealing physical picture, displaying overall consistency, has emerged. At its core is the
concept of the folding model as accounting for the major part of the real potential (with theoretical
justification arising from Feshbach’s theory of nuclear reactions), together with progress in our
understanding of the effective interaction between two nucleons embedded in a nuclear medium.
One result of this is to settle the old and oft (perhaps poorly) posed question whether the ion—
ion potential is “deep” or “shallow”, in favour of the “deep” answer. One also concludes that the
correction to the folding model (that is, the real part of the dynamic polarization potential (DPP)
that accounts for couplings to other, nonelastic channels) is relatively small in most cases. (One
exception occurs for the break-up of loosely bound nuclei like SLi, where the correction has been
shown to be significant.) Progress in understanding the imaginary, absorptive part of the potential
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(the imaginary part of the DPP) has been more limited. This is still treated phenomenologically in
most cases, although one has discerned clues that it depends more sensitively upon the structural
characteristics of individual systems. However, one conclusion is clear; the imaginary potential must
be “weak” in some sense, otherwise the important refractive features of the scattering cannot be
observed. It is weak if the flux along scattering trajectories that penetrate to the interior of the
potential is not completely extinguished by absorption. Then this interior region has some influence
upon the scattering, revealed by the observation of the refractive features.

The semiclassical decomposition of the observed angular distributions for elastic scattering has
proven to be a powerful tool for understanding the physical characteristics underlying them. The
nearside-farside (“Fraunhofer”) interference oscillations at forward angles give us information about
the potential experienced in peripheral collisions. At larger angles, farside scattering dominates if
the absorption is not too strong, corresponding to somewhat closer collisions. If the absorption is
sufficiently weak, two trajectories contribute to the farside scattering, which then exhibits rainbow
features, namely Airy maxima and minima. These are influenced by the potential in the interior, and,
given data of sufficient extent that the order of the Airy pattern can be determined, the potential
family can be found without ambiguity.

One consequence of this kind of interpretation is to determine that the effective nucleon—nucleon
interaction required for use in a folding model of the potential should be weaker in the nuclear
interior than it is in the surface. This property is conveniently represented by making it dependent
upon the density of the surrounding nuclear material. The effective, attractive interaction becomes
weaker as the density increases, a requirement already anticipated in order for nuclear matter to
saturate. The need for such a property was already evident from the analysis of the scattering of
medium energy alpha particles which displayed similar rainbow characteristics, and culminated in
the construction of effective interactions constrained to reproduce the saturation parameters (binding
energy and saturation density) of nuclear matter in a Hartree-Fock calculation. These interactions
differed in the degree of density-dependence, and hence in the values of the incompressibility of
nuclear matter associated with them. However, they could be further constrained when applied to
the scattering of a-particles and light heavy-ions, thus providing evidence for the appropriate value
of the incompressibility.

The refractive phenomena just discussed only appear clearly when certian dynamic conditions are
met. In particular, there is an energy window. If the energy is too low, the scattering is dominated
by the Fraunhofer pattern, and any rainbow features remain in the unphysical region (angles greater
than 180°). As the energy is raised, the refractive features move forward where they can be observed.
However, if the energy increases too much, they move even further forward and become superim-
posed on the Fraunhofer pattern, where they become more difficult to interpret. Thus observations
in the intermediate region are more likely to be profitable in revealing this kind of information, al-
though careful analysis at lower and higher energies, accompanied by a requirement that the results
should how a reasonable continuity in energy, can extend the energy range significantly.

“Continuity” plays an important role in another context, namely that too much weight should not be
placed upon results obtained from just one set of data. Besides the possibility that some idiosyncracy
of the data may be biassing the analysis, almost inevitably there remains some ambiguity associated
with a single set of data. Consequently, we believe that an interprecation based upon data for a range
of energies and/or a number of similar nuclear systems may contain more “physical” truth than a
very good fit to one specific data set.
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The real potentials that have been inferred for these light heavy-ion systems also have about the
correct depth to sustain “molecular” bound states and resonances with the proper number of radial
nodes to be consistent with the Pauli exclusion principle. Many such quasi-molecular resonances
have been observed at low energies. A few applications of the potential model have been made, but
much work remains to be done. These deep potentials also describe the low energy elastic scattering
and fusion data measured at Yale and Saclay in the 1970s, as well as the more recent measurements
at higher energies that have been discussed in this review. Thus we see an example of “continuity”
over a wide range of energies for applications of the models discussed here.

The kind of refractive effects discussed here will also have their counterparts in nonelastic reac-
tions. A few applications of these ideas have been made, but we leave those for the future.
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